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The  objectives  of  this  research  were  to  expand  the  scientific  understanding  of 
hydrophilic  phospholipid  (PL)  surface  modifications  on  silicone  and  metal  substrates  via 
two  unique  processes:  gamma  radiation  surface  graft  polymeriaation  and  electro- 
polymerization.  This  work  was  novel  studying  these  two  polymerization  techniques  to 
produce  phospholipid-modified  surfaces  using  a  vinyl  fiinctionalized  phosphorylcholine- 
containing  monomer. 

A  number  of  synthetic  fiinctionalized  PLs  have  been  reported  to  produce  surfaces 
which  might  better  mimic  the  structure  of  natural  cell  membranes.  Unique  polymerization 
methods  for  a  methacryl-fiinctionalized  PL  monomer,  were  investigated  here  to  prepare 
homopolymer  and  copolymers  with  other  vinyl  monomers. 
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The  2-methacryloyloxyethylphosphorylcholine  (MPC)  monomer  studied, 
originally  developed  b  Ishihara  et  al,  has  a  structure  that  is  more  hydrophilic  than 
common  PLs  with  long  hydrocarbon  tails. 

Copolymers  of  MPC  have  been  reported  to  be  efficacious  in  reducing  cell 
adhesion  and  protein  deposition  in  blood  environments.  To  expand  our  knowledge  of 
polymers  and  surfaces  derived  from  such  vinyl  functional  PLs,  as  MPC,  the  research 
reported  here  involved  two  new  techniques  for  the  surface  modification  of  silicone  and 
stainless  steel  biomaterials  of  particular  interest  for  vascular  grafts  and  stents.  Surface 
modification  methods  explored  were  gamma  radiation  surface  graft  polymerization  and 
electropolymerization. 

The  first  technique,  gamma  radiation  initiated  surface  graft  polymerization,  was 
used  produce  MPC,  MPC-HEMA,  MPC-MAA,  and  MPC-NVP  copolymer  surfaces  on 
silicone  elastomer  (polydimethyl  siloxane  -  PDMS).  Resuks  of  these  experiments 
indicated  a  significant  reduction  in  contact  angle  (30  to  50  degree)  compared  to  control 
silicone  substrates. 

The  second  technique  was  the  electrochemical  surface  polymerization  of  MPC 
monomer  and  copolymerization  of  MPC  with  silicone  oligomers  on  stainless  steel.  The 
goal  of  copolymerization  of  MPC  and  a  silicone  oligomer  is  based  on  our  view  that  such 
copolymer  surfaces  might  combine  the  biocompatibility  of  a  phospholipid  with  the 
elastomeric  properties  of  silicone  to  produce  a  novel  biomedical  surface  coating.  Two 
silicone  oligomers,  with  different  chemical  structures,  were  used  in  this  study. 
Methacryoloxy-terminated-polydimethylsiloxane  (MAOP)  oligomer  that  provides  the 
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typical  poly(dimethylsiloxane)  (PDMS)  structure  and  vinylmethoxysiloxane  (VMS) 
which  is  more  hydrophilic. 

The  surfaces  produced  were  characterized  by  contact  angle,  XPS  and  SEM 
analyses.  The  MPC  surface  modifications  exhibited  a  large  reduction  in  contact  angle 
(15°  -  32°  vs.  71°)  on  stainless  steel  and  (24°  -  55°  vs.  ca.  75°)  on  PDMS  and  may 
provide  a  more  lubricious  surface  with  improved  non-thrombogenic  properties.  The 
novel  surface  polymerization  techniques  examined  here  may  allow  more  facile  coating  of 
metal  and  polymer  devices  with  complex  geometries  and  provide  improved  uniformity 
and  adhesion  using  processes  that  may  also  prove  to  be  relatively  simple  and  inexpensive. 
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CHAPTER  1 
INTRODUCTION 

Percutaneous  transluminal  coronary  angioplasty  (PTCA)  has  proven  to  be  a  viable 
minimally  invasive  technique  for  treating  coronary  heart  disease.  However  a  large 
number  of  such  procedures  suffer  from  the  problem  of  restenosis  or  thickening  of  the 
artery  wall.  Metal  mesh  stents  that  are  left  in  place  to  keep  arteries  open  have  been  shown 
to  address  the  problem  of  restenosis  in  PTCA  procedures  successfully.  Restenosis  rates 
have  been  reduced  from  up  to  50  %  for  PTCA  to  1 5-30  %  with  stenting  in  the  first  6 

months  after  surgery.  ^  It  is  expected  that  stents  will  be  used  in  56  %  of  all  PTCA 

procedures  worldwide  by  the  year  2001 .  ^  However,  these  materials  induce  platelet 

adhesion  and  clot  formation  upon  implantation.  Literature  reports^^^  ^nd  experience  from 

past  studies'^  have  reveled  that  silicone  polymers  and  phospholipids  have  superior  blood 
compatibility  compared  to  other  materials.  Furthermore  silicone,  which  is  a  elastomeric 
polymer,  can  also  be  used  as  a  depot  to  deliver  anti-inflammatory  drugs  to  the  site  of 

vascular  injury.^  Therefore,  it  has  been  hypothesized  that  stents  coated  with  silicone 
and/or  phospholipid  polymers  might  reduce  stent  thrombogenicity  and  also  improve  long- 
term  healing  of  arteries. 

The  overall  goal  of  this  research  was  to  explore  the  use  of  a  vinyl  functional 
phospholipid,  the  phosphorylcholine  containing  monomer  (MPC),  to  develop  a  series  of 
novel  surface  modifications  for  cardiovascular  implant  materials.  Silicone  and  stainless 
steel  substrates  were  chosen  for  this  study  due  to  their  use  in  vascular  graft  and  stent 
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implants.  The  grafting/polymerization  techniques  chosen  for  this  research  were  radiation 
surface  graft  polymerization  and  electropolymerization. 

The  specific  aims  for  this  project  were: 

1 .  To  demonstrate  the  feasibihty  and  define  the  experimental  parameters  for  surface 
grafting  MPC  and  copolymers  of  MPC  and  HEMA,  MAA  and  NVP  onto  a 
crosslinked  silicone  elastomer  (PDMS)  surface.  •■-'J' 

2.  To  demonstrate  the  feasibility  and  define  the  experimental  parameters  for  producing 
uniform  and  adherent  coatings  of  polyMPC,  vinyl-fimctional  silicones  and 
copolymers  thereof  onto  metal  substrates  via  electropolymerization. 

The  MPC  monomer  was  chosen  for  this  study  because  of  its  unique  structure.  As  seen 
in  Figure  1 . 1,  this  monomer  differs  fi-om  most  PLs  in  that  it  does  not  possess  a  long 
hydrocarbon  chain.  This  allows  the  incorporation  of  this  monomer  into  copolymers  with 
a  higher  concentration  of  phosphorylcholine  fiinctionality  and  thus  a  higher  degree  of 
hydrophilicity  per  monomer  unit,  thus  a  potentially  higher  unit  concentration  on  the 
substrate  surface.  Upon  polymerization,  MPC  monomer  produces  a  polymer  with  a 
methacrylate  backbone  and  pendent  phosphorylcholine  groups.  It  is  believed  that  these 
phosphorylcholine  groups  can  associate  with  naturally  occurring  PLs  in  the  blood  to  form 

bilayers  or  multi-layers  that  better  mimic  cell  membrane  structures.  ^  The  unique 
amphiphilic  structure  of  naturally  occurring  PLs  forms  cell  membranes  that  control  the 
transport  of  nutrients,  proteins,  hormones  and  other  bio-chemicals  in  and  out  of  cells.  The 
cell  membrane  structure  also  controls  the  absorption  of  blood  proteins  onto  the  surface  of 
the  cell.  MPC  and  copolymers  with  butyl  methacrylate  (BMA)  were  originally 
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synthesized  by  Ishihara  et  al,  2-4  and  have  been  reported  to  improve  the  blood 
compatibility  of  polymeric  cardiovascular  materials. 
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Figure  1.1.  Chemical  structure  of  the  MPC  monomer. 

Silicone  alone  does  not  possess  the  mechanical  strength  to  make  a  viable 
cardiovascular  graft  or  stent  (200-2000  psi  tensile  strength  depending  on  silica  filler 
concentration).  As  a  coating  for  vascular  grafts  and  stents  it  has  the  advantages  of  good 
biocompatibility,  elasticity,  and  is  easily  loaded  v^^ith  drugs  for  local  delivery. 
Unfortunately,  silicone  coatings  have  been  poorly  adherent  to  polymer  and  metal 
substrates.  The  key  is  to  produce  a  method  to  prepare  more  adherent  coatings  and  to 
surface  modify  such  silicone  coated  grafts  and  stents  to  fiirther  improve  surface 
properties;  i.e.  hydrophilicity  to  enhance  lubricity  and  reduce  cell  adhesion.  The 
approaches  to  this  problem  proposed  in  this  work  were  to  use  gamma  radiation 
polymerization  to  surface  modify  PDMS  elastomer  and  to  use  electropolymerization  to 
polymerize  silicone  PL  monomers  directly  to  metal  stent  surfaces. 

Widenhouse  et  al.  have  developed  methods  for  preparing  uniquely  adherent 
silicone  coatings  on  cardiovascular  stents  and  has  demonstrated  their  use  for  drug 
delivery.  5  Research  reported  here  may  enable  a  further  advantage  by  gamma  radiation 
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grafting  hydrophilic  monomers  onto  such  PDMS  coatings.  This  offers  an  opportunity  to 
improve  wettability  and  lubricity  of  the  PDMS  surface,  but  also  to  introduce  functional 
groups  that  can  be  used  to  further  the  incorporate  drugs  and  proteins.  Accordingly, 
studies  described  here  have  demonstrated  gamma  radiation  to  grafting  of  NVP,  HEMA, 
MAA,  and  MFC  monomers  onto  the  surface  of  silicone.  The  effects  of  solvent,  dose  rate, 
total  dose,  and  monomer  concentrations  were  studied. 

The  second  part  of  this  research  was  devoted  to  the  investigation  of 
electropolymerization  to  surface  modify  stainless  steel  with  silicone,  MFC  and  silicone- 
MPC  copolymers.  Such  electropolymerization  provides  a  clean  and  easily  controlled 
method  to  coat  metal  surfaces  with  defect-free,  uniform  polymer  coatings.  The  goal  is  to 
produce  a  coherent  coating  that  will  have  the  elastic  properties  of  silicone  (needed  for 
retention  of  coating  coherence  upon  stent  expansion)  and  the  improved  blood 
compatibility  reported  for  MFC  copolymers.^ 

Two  vinyl  functional  silicone  oligomers  were  chosen  for  this  work; 
methacryoloxy-terminated-polydimethylsiloxane  (MAOP)  of  33,000  Hi  with  a  viscosity 
of  1000  cs  and  vinylmethoxysilicone  (VMS)  of  much  lower  molecular  weight  with  a 
viscosity  of  8  -  1 1  cs.  The  structures  for  these  oligomers  are  shown  in  Figure  1 .2. 

The  MAOP  oligomer  provides  a  typical  hydrophobic  PDMS  backbone  with 
polymerizable  methacryl  groups.  Bausch  and  Lomb  has  patented  the  use  of  MAOP  for 
copolymers  to  improve  the  oxygen  permeability  of  soft  contact  lens.^ 

In  comparison,  the  VMS  structure  provides  a  large  concentration  of  methoxy 
groups  for  enhanced  hydrophilicity  (and  possibly  increased  compatibility  with  the  MPC 
monomer)  as  well  as  vinyl  groups  for  polymerization,  grafting,  and  crosslinking. 
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First,  an  electrochemical  feasibility  study  was  conducted  to  define  useful 
conditions  of  solvent,  electrolyte  and  monomer.  Experiments  were  then  devised  to  screen 
monomer  concentration,  electrolyte,  solvent,  and  time  effects.  These  studies  have 
established  that  electropolymerization  is  a  viable  method  for  producing  thin,  coherent, 
uniform  polymeric  films  of  silicones,  MPC  and  their  copolymers. 

Logical  extension  of  this  work  will  be  to  coat  stents  and  demonstrate  their 
biological  performance  in  ex  vivo  arterio-venous  canine  shunt  and  implant  studies. 
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Figure  1 .2.  Structures  for  the  MAOP  and  VMS  silicone  oligomers 


CHAPTER  2 
BACKGROUND 

Scientific  Goals 

Surface  Modifications 
Phospholipids 

Biological  Significance.  Lipids  and  proteins  are  the  principal  components  of 
cellular  membranes.  Most  cellular  membranes  are  comprised  of  approximately  equal 
amounts  of  proteins  and  lipids.  These  membranes  function  to  organize  cellular  matter 
and  create  a  fluid  two-dimensional  matrix  that  controls  molecular  transport  in  and  out  of 
the  cell.  The  structure  of  cell  membranes  is  that  of  a  double  layer  formed  by  the 
alignment  of  phospholipids  and  glycolipids  with  the  hydrophobic  tails  of  these  molecules 
forming  the  interior  barrier  of  the  membrane.  This  structure  is  depicted  in  Figure  2. 1. 
This  lipid  bilayer  incorporates  proteins  on  the  surface  and  in  its  interior.  Molecules 
within  the  membrane  are  free  to  move  laterally  in  the  membrane  plane  that  often 
produces  domain  formation.  Phospholipids,  neutral  lipids,  and  glycolipids  are  the  three 
types  of  lipid  found  in  membranes.  Of  these,  phospholipids  are  the  most  abundant.  The 
predominant  phospholipids  are  phosphatidylcholine,  phosphatidylethanolamine, 
phosphatidylserine,  and  sphingomyelin,  some  of  whose  structures  are  depicted  in  Figure 
2.2.8 
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Synthetic  Phospholipid  Monomers.  Natural  phospholipid  bilayers  are  inately 
mechanically  weak  and  unstable.  This  makes  the  synthesis  of  phospholipid  bilayers  in 
vitro  very  difficult.  In  order  to  develop  stable  artifical  phospholipid  membranes  a  large 
number  of  synthetic  phospholipid  analouges,  most  with  polymerizable  groups,  have  been 

studied  in  the  past  25  years.  ^  though  a  variety  of  other  approaches  have  been  explored 

such  as  polymers  with  cholesterol  moieties,  ^'^^  and  polymeric  glycolipid  polymers. 
14 

In  this  lab,  phospholipid  surface  modification  of  biomedical  polymers  started  with 

the  work  of  Kuo.^^  This  research  involved  the  synthesis  of  two  phospholipid  monomers, 
both  with  a  two-tailed  structure  (Figure  2.3).  Kuo  successftiUy  modified  PMMA  with 
these  phospholipids  using  gamma  radiation  graft  and  UV  initiated  polymerization 
seperately  or  coupled  with  water  RF  plasma  pretreatment.  Kuo  was  able  to  establish  that 
these  surface  modifications  significantly  improved  the  epithelial  cell  adhesion  and 
corneal  endothelial  cell  damage  characteristics  of  the  PMMA  substrates. 
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Figure  2. 1  Model  for  the  structure  of  cell  membranes. 
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Ri,  R2  =  CH3(CH2)„-,  n=10,12,14, 16,18,20 
or  olenic,  linoleic,  linolenic  group. 

X  =  CH2CH2N*(CH3)3  Phosphatidylcholine 

X  =  CH2CH2NH2  Phosphatldylethanolamine 

X  =  CH2CHNH2  Phosphatidylserine 
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X  =  CHjCHCHjOH  Phosphatidylglycerol 
OH 

Figure  2.2.  Structure  of  some  common  biomembrane  phospholipids.^ 

Of  the  phosphatidyl choHne  analoges,  there  are  a  large  variety  of  both  side-chain 
and  main-chain  polymers  structures  in  the  literature.  Since  research  reported  here  is 
focused  on  the  use  of  2-(methacryloyloxy)ethyl-2-(trimethylammonium)ethyl  phosphate 
(MPC)  monomer,  discussion  of  other  systems  will  be  limited  to  the  basic  synthetic  route 
to  the  side-chain  monomers  and  biological  property  studies  specifically  involving  the 
MPC  monomer.  For  further  discussion  on  various  phospholipid  structures  and  their 
synthesis,  the  reader  is  referred  to  the  review  paper  by  Nakaya  et  al.^ 
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The  main  synthetic  route  to  side  and  many  main-chain  phospholipid  polymers 

was  first  developed  in  1974  by  Thanh  and  Chabrier^^  and  subsequently  by  Nakaya  and 

co-workers  J  ^  This  route  is  shown  as  Figure  2.4. 

The  MPC  Monomer.  Research  involving  the  use  of  phospholipids  for  selective 

binding  in  the  form  of  liposomes  started  in  the  early  1980's.^^  These  systems  suffered 
from  physical  and  chemical  instability  arising  from  their  inability  to  polymerize.  In  order 
to  produce  stable  liposomes  and  membranes,  researchers  started  synthesizing 
phospholipids  with  polymerizable  groups  in  their  hydrocarbon  tails.  One  of  these 
systems  is  2-methacryloxyethyl  phosphorylcholine  (MPC),  whose  chemical  structure  is 
shown  in  Figure  1.1. 

The  chemical  structure  of  MPC  allows  it  to  be  co-polymerized  with  other  vinyl 
monomers  via  its  methacryol  group.  Polymerization  of  this  monomer  produces  a 
PMMA-Hke  backbone  with  attached  flexible  chain  terminated  in  a  phosphorylcholine 
(PC)  moiety.  This  allows  the  resultant  polymers  to  have  a  rigid  backbone  with  flexible 
side  groups  and  allows  the  PC  groups  to  align  on  the  substrate  surface  at  the  tissue 
interface.  The  MPC  monomer  is  unique  in  that  it  does  not  possess  the  long  hydrocarbon 
tail  groups  as  in  the  monomers  developed  by  Kuo.  It  also  differs  from  Kuo's  monomers 

and  the  diacetylenic  monomers  patented  by  Biocompatibles  Limited,^^  due  to  its  single 
vinyl  group.  Therefore,  the  MPC  monomer  polymerizes  to  provide  a  methacrylate 
backbone  chain  with  pendent  phosphoryl  choline  groups.  This  monomer  is  less 
hydrophobic  than  the  long  hydrocarbon  chain  monomers  of  Kuo  and  Yianni  that 
interface.  The  MPC  monomer  is  unique  in  that  it  does  not  possess  the  long  hydrocarbon 
tail  groups  as  in  the  monomers  developed  by  Kuo.  It  also  differs  from  Kuo's  monomers 
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and  the  diacetylenic  monomers  patented  by  Biocompatibles  Limited,^^  due  to  its  single 
vinyl  group.  Therefore,  the  MPC  monomer  polymerizes  to  provide  a  methacrylate 
backbone  chain  with  pendent  phosphoryl  choline  groups.  This  monomer  is  less 
hydrophobic  than  the  long  hydrocarbon  chain  monomers  of  Kuo  and  Yianni  that 
improves  solubility  in  electrolyte  systems.  MPC  will  also  increase  the  phosphoryl  choline 
concentration  in  the  polymer  relative  to  the  hydrocarbon  content. 
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Figure  2.3.  Structures  of  polymerizable  phospholipid  monomers  developed  by  Kuo.^^ 
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The  Ishihara  research  group  from  the  Tokyo  Medical  and  Dental  Institute  have 
broadly  studied  MPC  and  its  copolymers  for  applications  in  biomedical  membranes.^l 
The  first  papers  concerned  the  adsorption  of  blood  phospholipids,  blood  proteins  and 
platelet  activation  of  MPC-co-«-butylmethacrylate  (BMA)  coated  acrylic  beadsl'22-24 

and  \hQnMPC-co-BMA  membranes.  ^'^^  That  work  indicated  that  the  MPC-co-BMA 
surfaces  adsorbed  blood  phospholipids  to  form  bilayers  which  decreased  protein 
adsorption  and  lowered  platelet  activation  over  poly(2 -hydroxy ethyl  methacrylate) 
(HEMA)  coated  surfaces  and  non-coated  surfaces. 

The  next  series  of  papers  focused  primarily  on  the  effect  of  copolymer  chemical 
structure  and  substrates  on  protein  adsorption.24,26-28  jhese  studies  reiterated  the 
importance  of  phospholipid  adsorption  onto  the  modified  surface  as  a  mechanism  for 
reduced  protein  adsorption  and  platelet  activation. 

The  behavior  observed  was  also  inversely  proportional  to  the  concentration  of 
MPC  in  the  copolymer,  ie.  the  higher  the  MPC  concentration  the  lower  the  protein 
adsorption  and  platelet  activation.  The  addition  of  acrylate  groups  greater  than  methyl 
also  decreased  the  blood  compatibility,^'^  as  did  ethylene  oxide  side  chain  extension 
greater  than  n=6.26  Substrates  modified  included  Cuprophan™  (cellulose  haemodialysis 
membrane)28^  Pellethane^"  (an  aromatic  polyamide),  polyethylene,  polyBMA^^,  and 

PEX24  These  studies  showed  that  substrate  does  affect  the  overall  behavior  of  MPC-co- 
BMA  copolymers. 

The  trend  demonstrated  in  in  vitro  tests  show  that  protein  adsorption  onto  MPC- 
co-BMA  coated  substrates  decreases  after  the  first  day.  It  was  suggested  that  the 
phosphorylcholine  structure  allows  for  desorption  of  the  proteins  in  preference  to 
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Figure  2.4.  General  synthetic  scheme  for  phospholipid  polymers.^ 
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adsorption  of  phospholipids.  Furthermore,  MPC  was  suggested  to  mediate  suppression 
of  fibrinogen  and  IgG  preadsorption  which  is  thought  to  result  in  variable  modulation  of 
monocyte  and  macrophage  adhesion  and  activation,  possibly  through  the  differential 

activation  of  adhesion  receptors  27  Figure  2.5  shows  the  results  of  a  study  comparing  the 
expression  of  interleukin-ip  (IL-ip)  when  exposed  to  various  polymer  surfaces  and  to 
three  poly(MPC-co-BMA)  polymers  with  different  MPC  concentrations  (5,10,  and  30 
This  graph  clearly  shows  reduced  activation  for  poly(MPC-co-BMA)  surfaces 
compared  to  other  polymer  surfaces.  IL-lp  is  a  multifunctional  mediator  involved  with 
inflammation  and  wound  healing.  IL-1(3  can  stimulate  the  proliferation  and  protein 
synthesis  of  fibroblasts  and  endothelial  cells.  Fibroblast  stimulation  leads  to  fibrinogen 
synthesis  and  the  eventual  formation  of  thrombis.  Therefore  IL-ip  is  an  indicator  of 
thrombosis  activation. 

The  use  of  MPC  as  a  surface  modification  for  Dacron  and  silk  fabric  has  been 
demonstrated  by  Yoneyama  et  al.,  and  Furuzono  et  al,  respectively.  Yoneyama  et  ai, 
used  a  blend  of  MPC  and  segmented  poly(etherurethane)  (SPU)  to  dip-coat  a  2  mm 
diameter  Dacron  vascular  graft. 

In  vivo  experiments  in  rabbits  showed  patency  after  five  days  compared  to  SPU 
coated  grafts  that  showed  "massive  thrombosis"  within  90  minutes. ^0  Furuzono,  et.  al., 
has  developed  a  two-stage  surface  grafting  system  for  silk  fabric  using  2- 
methacryloyloxyethyl  isocyanate  (MOI)  for  the  stage  one  modification  and  then 
subsequent  MPC  modification.  This  system  showed  significant  reduction  in  platelet 
adhesion  in  in  vitro  testing  over  non-modified  controls. ^  ^ 
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Stimulation  of  Polymer  Surfaces:  IL-1B  as  an 
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PMB  =  MPC-co-BMA  at  5.  10,  and  30  %  MPC.  TCPS  =  Tissue  culture  polystyrene. 
N.D.  =  Non  detectable. 

Figure  2.5.  Expression  of  IL-1  on  polymer  surfaces  as  an  indicator  for  platelet  activation 
(Nakabayashi,  et  al.)^^ 


The  use  of  MPC  modified  silicones  as  a  keratoprosthesis  was  reported  by  Chang 
et  al.  Silicone  was  surface  modified  with  the  MPC  polymer  via  plasma  induced  graft 
polymerization.  3  2  in  that  work,  the  modification  was  characterized  by  use  ATR-FTIR 
and  ESCA.  Unfortunately,  the  phosphorus  peak  was  not  observed  in  the  ESCA  spectra 
and  concentrations  were  calculated  by  deconvolution  of  the  C  Is  peak.  This  data,  shown 
in  table  2.3,  may  not  be  conclusive  and  demonstrates  the  difficuhy  in  analyzing  PDMS 
surfaces.  However,  personal  contact  with  these  researchers  revealed  that  they  were  able 
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to  prove  the  presence  of  phosphorus  on  the  surface  of  these  samples  by  using  labeled 

monomers  and  solid  state  NMR.^^ 
Silicones 

The  process  of  protein  adsorption  from  the  blood  to  a  cardiovascular  implant  is 
one  of  competitive  adsorption/desorption  as  is  largely  determined  by  the  polarity  or 
hydrophilicity  of  the  implant  surface.  Silicone  has  a  low  surface  energy  and  is 

hydrophobic  with  a  contact  angle  of-  80°. xhe  low  surface  energy  presumably  tends 
to  inhibit  the  adsorption  of  polar  blood  components. 


Table  2.1.  The  percentage  of  functional  groups  on  SR  controls  and  MPC  modified  SR 
surface  as  determined  by  deconvoluted  high  resolution  Cls  ESCA  spectra.  


Functional  Group: 

C-H 

C-N 

C-O 

o-c=o 

Binding  Energy: 

(285.0  eV) 

(286.4  eV) 

(287.7  eV) 

(290.0  eV) 

Control 

100 

Ar-plasma 

77.81 

15.21 

6.89 

SR-g-pMPC 

60.02 

11.2 

12.27 

16.51 

In  the  competitive  absorption  of  fibrinogen  versus  albumin.  Cooper  and 

Fabrizius-Homan  found  albumin  to  have  a  higher  affinity  for  the  silicone  surface^^  and 
generally  more  favorable  adsorption  characteristics  than  polyethylene,  polyurethane  and 
Teflon™.  This  is  significant  in  that  surfaces  that  preferentially  adsorb  albumin  have  been 
regarded  as  less  thrombogenic. 
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Silicone  has  also  been  shown  to  have  significantly  lower  platelet  adhesion  than 

polyethylene  in  a  canine  ex  vivo  AV  shunt  study.     This  result  is  not  unexpected  since 

silicone  tubing  has  been  used  to  hold  samples  in  ex  vivo  AV  shunt  studies  for  years,-^^'-'^ 
due  to  excellent  blood  compatibility.  Silicone  has  been  reported  to  reduce 
thrombogenicity  and  inflammatory  response  for  coated  Dacron™  cardiovascular  grafts. 

These  grafts  also  showed  enhanced  endoenthelialization.'^*^''^^  Pure  silicone  grafts  have 
been  tested  in  vivo  in  canines  and  exhibited  good  tissue  in-growth  and  favorable  overall 
patency.42  xhis  result  is  supported  by  endothelial  cells  cultured  onto  silicone  sheets 
showing  good  contractility  and  mobility,  which  indicates  a  healthy  environment  for  cell 
proliferation. 43  Widenhouse  et  al.  showed  an  inhibition  of  platelet  adhesion  on  PET 
surfaces  modified  with  silicone  and  also  produced  silicones  surface  modified  with 
MMA.34  Previous  attempts  to  surface  modify  silicone  with  fiinctionalized  alkylsiloxane 
monolayers  via  oxygen  radio  frequency  plasma,  yielded  materials  with  less  favorable 
characteristics  than  unmodified  silicone.38 

The  performance  of  silicone  in  practical  implants  is  limited  by  poor  mechanical 
strength,  especially  in  the  unfilled  form.  Therefore,  it  is  best  used  as  a  surface  coating  on 
a  stronger  substrate.  This  work  explored  the  use  of  electropolymerization  to  coat  stainless 
steel  with  fiinctionalized  silicone  oligomers  and  the  feasibility  of  electro-co- 
polymerization  of  these  oligomers  with  MPC.  These  materials  may  provide  a  new  type 
of  non-thrombogenic  surface  for  metal  stents. 
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Gamma  Radiation  Surface  Graft  Polymerization 

Gamma  radiation  surface  graft  polymerization  provides  a  clean  and  easy  route  to 
surface  modification  of  polymer  surfaces  without  the  use  of  added  chemical  initiators, 
which  can  lead  to  compatibility  and  polymer  degradation  problems.  Gamma  radiation 

(X  =  <  0. 1  nm  from  cobalt  60  (^°Co)  is  a  convenient  energies  of  1 . 1 7  and  1 .33  MeV.'*'* 

Gamma  initiated  modification  of  polymers  proceeds  by  the  simulataneous 
production  of  radicals  in  and  on  the  substrate  polymer  and  radical  initiation  of  the 
monomer  in  solution.  Radicals  formed  with  silicones  are  mainly  by  the  reaction  shown  in 
Figure  2.6. 

This  simultaneous  creation  of  reaction  sites  on  substrate  and  monomer  leads  to  a  complex 
mixture  of  grafted,  crosslinked,  and  interpenetrating  polymer  networks.  Swelling  the 
substrate  in  a  solvent  solution  of  monomer  leads  to  a  surface  rich  graft  region  on  the 
substrate.  The  depth,  concentration  and  profile  of  this  grafted  region  are  largely 
dependent  on  the  swelling  potential  of  the  monomer/solvent  system.  The  solubility  of  the 
monomer  in  the  substrate,  i.e.  monomer  difftision,  will  determine  the  concentration  and 
depth  of  the  graft.  If  the  monomer/solvent  system  is  not  a  good  solvent  for  the  polymer 
substrate,  then  the  graft  reaction  becomes  more  superficial  and  difftision  controlled.  The 
efficiency  of  the  graft  reaction  also  depends  on  the  relative  stability  of  the  substrate 
radicals  and  the  monomer  radicals.  The  substrate  radicals  need  to  have  a  significant 
propensity  to  react,  rather  then  to  recombine  or  degrade.  Graft  formation  is  also  increased 
when  radical  yields  are  higher  for  the  substrate  than  for  the  monomer.44 

The  radiation-chemical  yield  of  radicals  is  defined  as  the  number  of  chemical 
events  occurring  per  100  eV  of  absorbed  energy.  This  quantity  is  referred  to  as  the 
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"G- value"  of  the  system  and  can  be  used  to  choose  appropriate  monomer/polymer 
systems  for  co-  and  graft-polymerization.  The  G  for  methylmethacrylate  (MMA)  is  11. 5 

and  for  PDMS  is  -7.2.  ^4  jhis  indicates  that  radiation  induced  radical  formation  will 
occur  at  a  higher  rate  in  MMA  than  for  PDMS,  which  is  less  favorable  for  surface 
modification  of  PDMS.  Of  course,  we  cannot  directly  translate  the  G  value  for  MMA  to 
that  of  MPC.  Even  though  they  are  both  methacrylates,  they  are  electronically  and 
structurally  very  different  monomers.  Gamma  initiation  of  vinyl  monomers  has  been 
shown  to  proceed  by  a  traditional  free-radical  mechanism,  the  rate  of  which  is 
proportional  to  the  monomer  concentration  and  the  square  root  of  the  dose  rate.  The 
reaction  rate  of  a  monomer  may  also  be  affected  by  the  solvent,  pH,  and  temperature. 

Chlorinated  solvents  have  been  shown  to  accelerate  the  reaction  of  vinyl 
monomers  upon  gamma  irradiation,  whereas,  benzene  reduces  the  rate  of  reaction,  due  to 
formation  of  relatively  stable  radicals.44 


9H3  CH2 

' .  Gamma  Irradiation  I 

-(Si— O)-   ^  -(Si— Oh  OR  -(Si— O)- 

CH3  CH3  CH3 


Figure  2  .6.  The  gamma  induced  formation  of  radicals  on  silicone. 


Electropolymerization 

Electrochemical  polymerization  on  surfaces  has  been  investigated  for  a  variety  of 
monomers  and  generally  for  non-medical  applications,  such  as  corrosion  control.  This 
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research  has  emphasized  the  use  of  PL  and  silicone  vinyl  monomers  to  modify  the  metal 
surfaces  of  implant  materials  via  electropolymerization.  To  prepare  more  uniform, 
adherent,  and  stable  coatings  than  may  be  possible  by  other  methods.  Electro- 
polymerization  also  offers  the  ability  to  coat  highly  complex  and  sharp  edged  surfaces 
uniformly.  Uniform,  defect-free  coatings  are  inherently  likely  since  electro- 
polymerization  is  favored  at  edges  or  thin  or  "pinhole"  areas  due  to  lower  electrical 
resistance  in  these  defect  areas  with  respect  to  coated  areas.  Electropolymerization  also 
usually  can  occur  under  mild  conditions  of  low  voltage,  room  temperature,  and  low 

current  density.'^^ 

The  investigation  of  the  electropolymerization  of  vinyl  phospholipids  reported 
here  is  novel.  Vinyl  phospholipids  have  been  reported  in  the  literature  to  polymerize  by 
chemical,  thermal,  photochemical  and  plasma  initiation,  but  no  reference  to  electro- 
polymerization of  vinyl  PLs  has  been  reported. 

Electropolymerization  involves  electronic  oxidation  or  reduction  of  chemical 
species  that,  in  turn,  initiate  the  polymerization  of  monomers  in  solution.  The  initiating 
species  can  be  derived  from  electrolyte,  solvent,  or  monomer.  The  polymerization  is 
initiated  at  the  electrode  surface,  the  cathode  for  reductions  and  the  anode  for  oxidation. 
The  polymer  is  formed  at  the  electrode  surface  and  in  the  bulk  of  the  cell  solution, 
depending  on  the  solubility  of  the  polymer  in  the  solution  and  the  mobility  of  the 
initiating  species.  In  order  to  preferentially  coat  the  electrode  surface  (the  implant  or 
device),  and  inhibit  bulk  polymerization,  the  relative  solubility  of  the  polymer  and 
solvent  and  the  rate  of  initiation  must  be  controlled.  Initiation  can  proceed  through  an 
ionic,  free  radical  or  mixed  mechanism.45  The  initiation  of  the  polymerization  can  be  by 
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direct  reduction  or  oxidation  of  the  monomer  or  by  reduction  or  oxidation  of  an 
electrochemical  initiator.  This  initiator  usually  also  acts  as  the  electrolyte. 

The  basic  function  of  the  electrochemical  cell  involves  the  application  of  either  a 
set  potential  (potentiostatic  mode)  or  a  set  current  (galvanostatic  mode)  in  reference  to 
the  reference  electrode.  The  working  electrode  is  the  surface  at  which  the  chemical  event 
takes  place.  In  electropolymerization,  the  working  electrode  is  the  metal  to  be  coated  and 
is  usually  the  cathode  (in  the  electropolymerization  of  most  vinyl  monomers).  Two 
common  reference  electrodes  are  either  a  Standard  Calomel  Electrode  (SCE)  or  a 
Ag/AgCl  electrode.  The  counter  electrode  is  usually  a  platinum  electrode  due  to  its  inert 
nature  and  high  oxidation  potential  (so  it  is  not  oxidized  and  plated-out  at  the  cathode). 
This  cell  configuration  was  also  used  in  a  potentiometric-scanning  mode  to  run  cyclic 
voltametry  that  established  the  reduction/oxidation  potentials  for  the  monomers  in 
solution.  The  system  was  controlled  by  a  potentiostat.  Figure  2.7  shows  the  basic  cell 
design.  Coating  experiments  can  be  run  in  either  potentiostatic  or  galvanostatic  mode 
depending  on  the  specific  initiation  mechanism  of  the  monomer/electrolyte  system. 
Waveform  patterns  can  also  be  used  in  either  mode  to  control  the  rate  and  duration  of 
initiation  events. 

Mengoli,  et.  al,  studied  the  electropolymerization  of  methacrylate, 
methylmethacrylate,  t-butyl  methacrylate,  isoamylmethacrylate  and  methacrylonitrile 
polymers.  In  this  study  the  reduction  of  acrylic  monomers  on  steel  was  attributed  to  an 
anionic  mechanism  based  on  the  following  experimental  observations:  46 

1    The  presence  of  free  radical  inhibitors  did  not  affect  the  polymerizaiton. 

2.  Coating  was  inhibited  by  small  quantities  of  water  or  other  protic  species. 
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3.  The  molecular  weight  of  the  polymers  in  solution  was  low. 

4.  The  Tg  of  isobutylmethacrylate  polymers  matched  that  of  anionically  prepared 
polymer  (Tg  =  284  °C). 


Figure  2,7.  Basic  electrochemical  cell  design. 

Funt  and  Williams  found  that  the  polymerization  mechanism  was  dependent  on 
the  electrolyte  species  in  the  co-polymerization  of  MM  A  and  acrylomtrile.47  Mengoli,  et. 
al.,  make  two  primary  points  in  their  conclusions:  One  is  that  the  polymer  formed  at  the 
working  electrode  surface  must  be  insoluble  in  the  solvent/electrolyte  system,  at  least  on 
the  time  scale  of  the  experiment.  Second,  the  polymer  chain  length  must  be  low. 
Otherwise  the  overall  polymerization  reaction  will  not  be  confined  to  the  surface  of  the 
electrode  and  bulk  polymerization  will  resuh.  One  can  imagine  that  coating  requires  a 
short-lived  initiating  species  and  fast  polymerization.  The  "throwing  power"  of  the 
reaction  is  related  to  the  ability  of  the  system  to  coat  both  sides  of  the  electrode 
uniformly.  This  parameter  is  also  dependent  on  the  solubility  of  the  growing  polymer,  the 


Potentiostat 
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solvent  system,  monomer  concentration  and  current  density.  Important  parameters  that 
affect  the  electropolymerization  system  include: 


1.  The  difference  in  solubility  parameter  between  the 
monomer/electrolyte/solvent  and  the  polymer. 

2.  The  current  density. 

3.  The  solvent/electrolyte  system.  * 

4.  Monomer  concentration. 

5.  The  pH,  in  some  systems  such  as  2-vinylpyridine.'^^ 


The  experiments  conducted  in  this  research  used  a  basic  electrochemical  cell  as 
shown  in  Figure  2.7.  All  experiments  were  run  in  potentiostatic  mode  or  as  a  potential 
sweep  to  insure  mainly  cathodic  initiation.  The  potentials  were  determined  by  cyclic 
voltamograms  (CVs)  run  prior  to  the  coating  experiment.  The  effects  of 
solvent/electrolyte  system,  time  and  monomer  concentration  were  studied  in  order  to 
establish  favorable  conditions  for  coatmg.  Solvents  and  electrolytes  were  chosen  with 
the  characteristics  of  biocompatibility,  solubility  parameter,  and  likely  feasibility  from 
the  literature. 

Applications 

Synthetic  Cardiovascular  Grafts 

Vascular  Grafts.  Atherosclerosis  is  a  disease  caused  by  the  progressive 

deposition  of  plaque  in  the  arteries  that  results  in  reduced  blood  flow  and  is  responsible 
for  50  %  of  the  deaths  in  the  United  States.49  This  reduction  in  blood  flow  can  lead  to 
ischemic  heart  disease.  Treatment  for  atherosclerosis  involves  balloon  angioplasty, 
endarterecty  or  bypass  of  the  affected  artery  with  a  vascular  prosthesis,  a  "graft." 
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Balloon  angioplasty  is  the  insertion  of  a  balloon-tipped  catheter  into  the  vessel 
and  subsequent  inflation  of  the  balloon  in  the  stenosed  area  to  enlarge  the  narrowed 
lumen  by  fracture  of  the  plaque  and  stretching  of  the  lesser  diseased  wall  at  the  site.  One 
of  the  drawbacks  of  this  procedure  is  that  dislodged  plaque  can  act  as  emboli  that  can 
clog  arteries  and  cause  stroke,  or  limb  loss.  The  other  problem  is  injury  imposed  on  the 
vessel  during  the  procedure,  can  lead  to  the  formation  of  thrombus,  restenosis,  or 
weakening  of  the  vessel  wall. 

Before  the  recent  advent  of  stented  angioplasty,  by-pass  surgery  has  been  the 
preferred  route  of  treatment  for  patients  with  heahhy  saphenous  veins.  In  this  procedure, 
the  saphenous  vein  is  harvested  from  the  patient  and  used  as  an  autograph  (transplants 
within  the  same  individual)  to  bypass  the  occluded  vessel(s).  Other  sources  of  autograph 
or  homograft  (from  same  species)  veins  are  the  mammary  and  umbilical  arteries  Veins 
are  used  instead  of  arteries  due  to  the  body's  ability  to  re-route  blood  flow  in  venous 
systems.  Many  patients  who  undergo  bypass  surgery  suffer  from  co-morbidities,  such  as 
diabetes,  which  prevents  the  harvesting  of  healthy  autograph  venous  tissue.  In  these 
individuals,  the  only  alternative  is  to  rely  on  synthetic  vascular  prostheses. 

Currently  available  grafts  are  primarily  made  from  Dacron®  or  Gore-Tex®,  The 
Dacron®  grafts  are  woven  from  polyethylene  terephthalate  (PET)  fibers  in  non-velour  or 
reinforced  velour  woven  manner.  The  Gore-Tex®  grafts  are  made  by  high-temperature 
extrusion  of  polytetrafluoroethylene  (PTFE)  to  form  a  foam  structure  with  controllable 
pore  size.  Unfortunately,  for  small  diameter  graft  (<6  mm)  these  materials  suffer  from 
poor  patency  rates  (43  to  57  %).50  More  than  50  %  of  small  diameter  grafts  occlude 
within  three  years.  ^1  This  lack  of  long-term  patency  is  primarily  due  to  early  clotting 
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and  progressive  anastomotic  intimal  hyperplasia.  Factors  linked  to  intimal  hyperplasia 
include  surface  thrombogenicity  and  compliance  mismatch  at  the  anastomosis.  ^^-55 

Recently,  polyurethane  vascular  grafts  have  become  available  and  have  been 
shown  to  exhibit  less  neointimal  proliferation  over  PTFE  vascular  grafts.  50,52,56 

Current  Research.  PET  and  PTFE  vascular  grafts  have  been  fairly  successftil  in 
large  diameter  (>7mm)  applications.  ^  7, 5  8     small  diameter  applications  (<6mm),  these 
materials  suffer  from  poor  long-term  patency  rates.  The  effort  to  improve  the  surface 
thrombogenicity  and  compliance  mismatch  problems  of  existing  grafts  has  mainly 
focused  on  the  surface  modification  of  current  synthetic  grafts  with  more  biocompatible 
polymeric  coatings.  This  approach  has  been  combined  with  drug  release  and  tissue 
engineering  strategies  that  include  endothelial  cell  seeding  and  gene  therapy.  Some 
researchers  have  taken  this  concept  further  in  attempting  a  more  natural  vessel-like 
structure  by  use  of  a  PGA  or  PFLA  scaffold  for  cellular  seeding.  58 

Some  of  the  polymeric  surface  coatings  that  have  been  studies  for  this  application 

are: 

-Polydimethylsiloxane(PDMS)34,38 

-Polymethyl  methacrylate  (PMMA)34 

-Polysulfoethyl  methacrylate  (PSEMA)34 

-Polyurethanes  (PUR)53 

-PDMS  -polyurea-urethanes^  9 

-PUR,  HEMA/styrene  block  co-polymer^O 

-Phospholipid-PUR  copolymers  on  Dacron,30  phospholipid  modified  silk.^l 
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A  general  trend  for  these  coatings  is  to  enhance  the  surface  properties  of  existing 
grafts  with  polymers  for  better  blood  compatibility.  Silicone  coatings  also  provide  a 
matrix  for  drug  delivery.  The  copolymerization  of  phospholipid  polymers  with  PURs 

reportedly  enhances  the  physical  stability  on  the  substrate  surface,^  ^  or  the  extent  of 

grafting  onto  the  substrate.^  ^  These  studies  used  2-methacryloyl-ethylphosphorylcholine 
(MPC)  as  the  phospholipid  containing  monomer. 

In  the  MPC  studies  of  Ishihara  et  a/.,Dacron  vascular  grafts  (2  mm)  were  dip- 
coated  with  a  blend  of  poly(etherurethane)  and  polyMPC  and  showed  patency  through  a 

5-day  in  vivo  study  in  rabbit  carotid  arteries. ■^'^  The  silk  fabric  was  chemically  grafted 
with  2-methacryloylethoxy  isocyanate  (MOI)  and  then  the  MPC  grafted  as  a  second  step. 
This  system  was  tested  for  platelet  adhesion  in  vitro  by  measuring  the  lactic 

dehydrogenase  released  by  attached/activated  platelets.^  ^  Even  though  this  system  is 
being  used  to  develop  modified  silk  sutures,  the  same  system  could  be  used  to  modify 
vascular  graft  materials  with  carboxylic  acid,  amine,  or  hydroxyl  groups. 

The  research  presented  here  was  aimed  at  combing  the  characteristics  of  PDMS 
with  the  less  thrombogenic  and  hydrophilic  properties  of  a  phospholipid  to  create  a 
gamma  radiation  polymerized  surface  modification  for  cardiovascular  materials  such  as 
Dacron. 

Endoluminal  Cardiovascular  Stents  (CV  Stents) 

History.  Charles  Dotter  initially  proposed  the  use  of  prostheses  to  maintain 
endoluminal  integrity  in  1964.  Dotter  proposed  the  use  of  a  silastic  supportive  material 
and  coined  the  use  of  the  word  "stent"  to  describe  coiled-wire  vascular  implants.  These 
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early  stents  were  the  same  size  as  the  vessel  and  were  placed  using  a  guidewire  and 

"pusher"  and  suffered  from  displacement  and  occlusion.^^ 

After  this  initial  work,  the  field  was  dormant  until  the  early  eighties,  when  the 
feasibility  of  transcatheter  arterial  grafting  was  shown  to  be  feasible.  This  was  when  the 
use  of  nitinol  (a  titanium  and  nickel  alloy)  came  into  use.  Nitinol  has  the  ability  to  be 
compressed  or  straightened  at  room  temperature  and  return  to  its  original  form  upon 
heating  to  body  temperatures  or  higher.  Soon  after  the  introduction  of  the  nitinol  stent, 

stainless  steel  coil  stents  were  introduced  by  Maass  and  colleagues.    Palmaz  introduced 
balloon-mounted  stents  for  simultaneous  dilatation  and  stent  delivery  in  1985.  These 
stents  were  made  of  continuously  woven  stainless  steel  wire  with  soldered  cross-points. 
The  early  animal  study  results  on  these  stents  foretold  the  main  problems  that 

have  hindered  the  use  of  CV  Stents  to  date:  thrombus  occlusion  and  restnosis.^l  The  first 
human  implantation  of  a  self-expanding  stent  was  done  by  Jacques  Fuel  (Toulouse, 
France)  in  1986  and  was  shortly  followed  by  Ulrich  Sigwart  (Lausanne,  Switzerland).  As 
a  result  of  a  landmark  study  by  Sigwart,  the  US  Food  and  Drug  Administration  (FDA) 
gave  approval  for  phase  I  trials  in  the  United  States.  These  initial  trials  involved  the 
Gianturco-Roubin™  and  Palmaz-Schatz™  balloon-expandable  intracoronary  stents.^^ 

The  results  of  these  and  other  early  trials  indicated  that  subacute  stent  thrombosis 
was  clearly  a  problem  even  when  aggressive  anticoagulation  regimens  were  used.  The 
ideal  characteristics  for  stents  were  defined  as:^^ 

1 .  Trackable 

2.  Low,  unconstrained  profile 

3.  Radio-opaque 
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4. 


Thromboresistant 


5. 


Biocompatible 


6. 


Reliably  expandable 


7. 


High  radial  strength 


8. 


Circumferential  coverage 


9. 


Low  surface  area 


10 


Hydrodynamic  compatibility 


The  next  development  in  stent  implantation  came  from  ultrasound  imaging  that 
revealed  that  most  stent  insertions  were  far  from  optimal.  Incomplete  stent  apposition, 
incomplete  or  asymmetrical  stent  expansion,  and  persistent  disease  were  reduced  if  the 
distal  and  proximal  vessel  could  be  seen  by  this  technique.  Colombo  and  colleagues 
were  able  to  end  the  requirement  of  post-intervention  anticoagulation  therapy  by  using 

high-pressure  non-compliant  balloon  catheters  deployed  with  uhrasound  guidance.^! 
Neumann  and  colleagues  furthered  these  advances  by  noting  that  platelet  markers  and  not 
coagulation  factors  indicated  thrombosis  risk.  This  has  led  to  the  use  of  antiplatelet 
therapy  that  has  greatly  reduced  the  incidence  of  haemorrphagic  and  vascular 

complications. 61  These  developments  have  decreased  bu  tnot  eleiminated  the  risk  of 
sub-acute  thrombosis. 

Today,  ultrasound  guidance  and  antiplatelet  therapy  are  standard  procedure. 
Restenosis  and  intimal  hyperplasia  remain  significant  problems  with  restenosis  rates 
remaining  at  10  to  30  %,  depending  on  the  vessel.  Approaches  being  used  to  reduce  these 
problems  include  the  coating  of  metallic  stents,  polymeric  and  bio-degradable  stents, 
drug-release  polymeric  coatings,  and  radioactive  stent  materials.62-64 
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Current  State  of  Art.  Stent  availability  in  the  United  States  is  limited  due  to 
strict  FDA  regulation.  Europe  and  Japan  enjoy  a  greater  variety  of  designs.  Current  stent 
designs  fall  into  several  categories: 

-  Balloon-expandable  versus  self-expanding. 

-  Slotted  tubular  versus  coil  stent. 

-  Premounted  versus  unmounted  stents. 

-  Covered  stents. 

-  Coated  stents. 

-  Bifurcated  stents. 

FDA  approved  coronary  stents  include  the  Johnson  &  Johnson  (J«&J)  Palmaz- 
Schatz  stent,  the  FlexStent  and  GRJI  by  Cook,  Inc.,  Guidant's  ACS  Muhilink,  and  the 
Wiktor  stent  by  Medtronic. 

A  primary  problem  with  these  types  of  stents  is  incorrect  sizing  to  the  vessel  that 
can  lead  to  complications  in  vessel  healing.  Balloon-expandable  stents  are  sized  to  the 
minimum  diameter  of  the  vessel,  whereas  the  self-expanding  stent  is  sized  to  the 
maximum  reference  diameter.  Both  types  of  stents  usually  require  secondary  balloon 
expansion  after  deployment.  Self-expanding  stents  often  undergo  foreshortening  during 
deployment  that  complicates  placement. 

Coiled  stents  were  developed  to  provide  flexibility  and  are  still  preferred  in  the 
case  of  complex  biftircation  lesions.  This  is  due  to  their  flexibility,  greater  side-branch 
access  and  the  ability  to  overlap  the  proximal  ends.  Tubular  stents  are  generally  more 
rigid  and  do  not  allow  for  proximal  overlap.  Tubular  stent  design  has  advanced  and  the 
flexibility  of  tubular  stents  has  been  improved.  Tubular  stents  have  the  advantages  of 
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providing  greater  surface  area  coverage  of  the  stented  lesion  and  improved  radial 
strength.  65 

Unmounted  stents  are  not  available  in  the  United  States.  Outside  the  United 
States,  unmounted  stents  are  widely  used  since  it  enables  the  surgeon  to  mount  the  stent 
onto  the  balloon  catheter  of  their  choice.  Pre-mounted  stents  are  less  likely  to  be 
dislodged  during  the  procedure  and  are  reliably  crimped  onto  the  balloon  catheter.  The 
major  disadvantage  of  pre-mounted  stents  is  that  most  are  delivered  on  larger-profile 
balloons  that  can  not  withstand  high-pressure  inflation.  This  usually  leads  to  the  use  of  a 
post-deployment  balloon  for  high-pressure  complete  expansion. 65 

Table  2.1  lists  the  major  manufacturers  of  cardiovascular  stents,  their  major 
available  stent  designs  and  characteristics  thereof 

Complications  and  Problems.  The  two  major  complications  of  intravascular 
stenting  are  thrombosis  and  restenosis. 

Thrombosis.  Unacceptable  levels  of  thrombosis  confounded  early  stenting 
procedures.  These  problems  were  greatly  reduced  by  advances  in  procedure,  i.e.  high- 
pressure  balloon  expansion,  and  enhanced  antiplatelet  therapy.  Recent  studies  have 
shown  thrombosis  rates  of  less  than  2%  for  elective  implantation  and  5%  for  abrupt 
closure.  66-68  Even  though  these  results  are  a  great  improvement  over  initial  rates, 
thrombosis  is  a  serious  complication  leading  to  myocardial  infarction  (61%)  and  death 
(12%).69  Therefore,  the  reduction  of  stent  thrombosis  is  still  a  key  research  objective. 

There  are  two  types  of  thrombosis:  acute  and  subacute  thrombosis.  Acute 
thrombosis  occurs  within  hours  of  stenting  and  is  usually  the  resuh  of  incomplete  stent 
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expansion  and  vessel  dissection.  Subacute  thrombosis  is  more  common  and  can  occur  up 

to  30  days  after  the  stenting  procedure.^ ^ 

The  factors  that  influence  thrombosis  can  be  broadly  classified  as  surface 
interactions  and  rheological  factors.  Surface  interactions  are  the  result  of  the  complex 
series  of  events  that  are  initiated  at  the  stent  surface  -  blood  interface.  In  animals, 
endothelialization  of  implanted  stents  occurs  2  to  3  months  after  implantation.  The 

maximum  risk  of  thrombotic  occlusion  is  within  the  first  two  weeks  post-implantation.^^ 
Plasma  proteins  start  to  adsorb  to  the  stent  surface  immediately  after  deployment.  These 
proteins  form  a  monolayer  on  the  stent  surface  whose  composition  depends  on  the 
concentration  and  surface  affinity  of  the  blood  proteins. 

Albumin  is  the  blood  protein  in  greatest  abundance  and  usually  coats  the  surface 
first.  Other  proteins  with  a  lower  blood  concentration,  but  higher  affinity,  then  slowly 
replace  the  albumin  on  the  stent  surface.  This  phenomenon  is  known  as  the  Vroman 

effect.  ^0  Blood  proteins  with  a  high  affinity  to  metal  surfaces  include  fibrinogen, 
compliment  factors,  fibronectin,  and  high  molecular  weight  kininogen. 

Circulating  platelets  can  adsorb  to  these  proteins  and  exposed  collagen  fi-om  the 
underlying  damaged  vessel  wall.  Platelet  activation  leads  to  the  release  of  chemo- 

attractant  molecules  and  the  subsequent  formation  of  platelet  aggregates.^^  This  initiates 
the  coagulation  cascade  which  results  in  the  formation  of  fibrin  clots  by  the  cleavage  of 
fibrinogen  by  thrombin. 

There  are  two  pathways  to  initiation  of  the  coagulation  cascade:  The  intrinsic 
pathway  is  initiated  by  the  adsorption  of  factor  XII  to  the  foreign  surface  and  its 
subsequent  conversion  to  factor  Xlla.  The  extrinsic  pathway  occurs  when  factor  VII 
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contacts  thromboplastin  released  by  the  injured  vessel.  Circulating  platelets  can  adsorb  to 
these  proteins  and  exposed  collagen  from  the  underlying  damaged  vessel  wall.  Platelet 
activation  leads  to  the  release  of  chemo-attractant  molecules  and  the  subsequent 

formation  of  platelet  aggregates. This  initiates  the  coagulation  cascade  which  results 
in  the  formation  fibrin  clots  by  the  cleavage  of  fibrinogen  by  thrombin. 

Rheological  factors  involve  the  flow  dynamics  of  the  blood  through  the  stented 
area.  The  presence  of  a  stent  creates  substantial  differences  in  the  hemodynamic  and  wall 
rheological  characteristics  of  the  vessel.  Fluid  dynamic  studies  in  a  stent  model  have 
revealed  regions  of  low  velocity  before  and  after  the  stent  and  high  turbulence  is  seen  in 

the  stented  region.^ ^  Fibrin  and  platelet  aggregation  occurs  preferentially  in  regions  of 
low  flow.  Stent  design  should  include  flow  analysis  to  reduce  negative  hemodynamic 
effects. 

Restenosis.  Neointimal  hyperplasia  is  the  predominant  mechanism  for  stent 
restenosis.  The  neointima  is  formed  from  proliferating  smooth  muscle  cells.  Stent 
implantation  can  lead  to  significant  injury  to  the  internal  elastic  lamina,  media,  and 
adventitia.  This  damage  causes  inflammation  and  proliferation  of  smooth  muscle  cells 
that  leads  to  restenosis.  The  stent  struts  provide  a  scaffold  for  the  formation  of  thrombi. 
Reactive  inflammatory  cells  migrate  into  and  infiltrate  these  regions  as  early  as  15 
minutes  to  as  late  as  56  days  in  animal  models.  The  local  concentration  of  monocytes 
also  increases  after  stent  implantation  reaching  a  maximum  at  around  seven  days. 
Reduction  in  adherent  and  tissue  monocytes  has  been  shown  to  correlate  with  a  reduction 

in  neointimal  hyperplasia.^^  Smooth  muscle  cells  (SMCs)  migrate  form  the  media  to  the 
neointimal  layer  where  the  thrombi  provide  a  scaffold  for  SCM  proliferation.  The  degree 
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of  SMC  proliferation  and  neointimal  hyperplasia  is  proportional  to  the  degree  of  early 
inflammatory  cell  involvement.^^ 


71,72 

Table  2.2.  Summary  of  major  coronary  stent  manufacturers  and  designs  as  of  1998. 


Manufacturer 

Stent  Name 

Materials/Design 

Key  Features 

Johnson  & 

Palmaz- 

Uncoated  stainless  steel. 

15  &  30  mm  lengths,  3.0.  3.5  &  4.0 

Johnson 

Schatz 

slotted  mesh 

mm  dia.  FDA  approved 

Johnson  & 

Crown 

Uncoated  stainless  steel, 

More  flexible  than  Palmaz-Schatz. 

Johnson 

slotted  mesh 

Mounted  and  unmounted  versions. 

Johnson  & 

Cordis  Stent 

Tantalum,  single  sinusoidal 

Johnson 

helical  coil 

Johnson  & 

Isostent 

J&J  stent  coated  with 

Coated  with  radioactive  isotope 

Johnson 

radioactive  isotope 

Medtronic 

Wiktor 

Tantalum,  single  wire 
sinusoidal  helix  coil 

High  radiopacity,  flexible,  16mm, 
3.0-4.5  mm  dia.  FDA  approved 

Medtronic 

Wiktorl 
Wiktor  1 
Plus 

Tantalum,  single  wire 
sinusoidal  helix  coil 

Tighter  pattern  than  Wiktor, 
available  in  more  lengths,  "Plus"  is 
heparin-coated. 

Medtronic 

beStent 

Stainless  steel,  slotted  tube. 

InStent 
Cardio-Coil 

Single  wire,  simple  coil 

Self  expanding 

Guidant/ACS 

ACS 

Stainless  steel,  slotted  tube, 

Elastic  membrane  btw.  Balloon  and 

MultiLink 

zig-zag  rings  joined  by 
multiple  links. 

stent  distributes  expansion  force 
evenly.  Retractable  sheath  which 
covers  stent  prior  to  deployment. 
FDA  approved. 

Arterial 

Micro  Stent 

Stainless  steel,  welded. 

Moderately  radiopaque.  6-24  mm 

Vascular 

sinusoidal  shaped  rings  (3mm 

length,  3,  3.5  &  4  mm  dia. 

Engineering 

segments,  4  crowns) 

Arterial 

AVEGFX 

Stainless  steel,  welded. 

Vascular 

Stent 

sinusoidal  shaped  rings  (2nun 

Engineering 

segments,  6  crowns) 

Boston 

NIR  Stent 

Stainless  steel,  continuous 

Low  profile,  excellent  flexibility. 

Scientific 

multicellular  uniform  design, 
tubular  slotted. 

Boston 

Radius 

Nitinol,  tubular  slotted  mesh 

Self  expanding 

Scientific 

Cook 

GR  Flex 
Stent 

Stainless  steel,  flexible  coil 

Cook 

GRII 

GR  with  wire  spine. 

Global 

Freedom 

Stainless  steel,  Zig-zag 

Therapeutics 

and 

Freedom 
Force 

fishscale 

I>fizer/ 
Schineider 

Wallstent 

Eligiloy.  multiple  wire  braid. 

Self  expanding 

Progressive 

ACT-one 

Nitinol,  slotted  tube. 

Angioplast>' 
Systems 
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Current  Research  Efforts.  The  most  popular  coating  for  stents  currently  is 
heparin.  In  March  1998,  Medtronic  introduced  its  heparin-coated  stent,  the  Wiltor  GX 

Hepamed  to  Europe  and  several  international  markets.^ ^  This  stent  has  heparin 
covalently  bonded  to  the  surface  of  a  tantalum  wire  stent.  There  is  much  debate  on  the 

efficacy  of  these  coatings,^^'^^  though  this  has  not  slowed  the  research  efforts  for 

development  of  heparin  surface  modification  and  controlled  release  for  biomaterials.^-^" 
75 

Non-biodegradable  polymers  and  autologous  veins  have  been  used  to  cover 
stents.  Though  this  technology  is  investigational,  their  potential  is  substantial.  They 
cover  diffuse  atheromatous  debris  encountered  in  aged  and  degenerated  vein  grafts.  The 
main  problem  with  current  designs  is  their  high  collapsed  profiles.  Materials  are  needed 

to  provide  a  low-profile  delivery  while  minimizing  thrombosis  and  inflammation.^^ 

One  avenue  to  reduce  the  surface  adsorption  characteristics  of  stents  is  to  use 
polymer  coated  or  exclusively  polymer  stents.  Both  biodegradable  and  inert  polymers 
have  been  investigated  for  use  as  stent  materials,  including: 

-  Polyethylene  terephthalate  (Dacron)^^'^^ 

-  Polyhydroxybutyrate  valerate^^ 

-  Poly-L-lactic  acid  (PLA)79,80 

-  Polyglycolic  acid  (PGA)^  1 ,82 

-  Co-polymers  of  PLA  -  PGA83 

Resuhs  have  shown  that  polymer  stents  can  be  balloon  deployed  and  expanded, 
but  suffer  from  problems  such  as  distal  migration  and  inflammatory  response.  ^0 
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The  use  of  polymer  coated  metal  stents  is  currently  being  investigated.  The 
polymer  component  of  these  stents  can  be  used  to  improve  surface  blood  compatibility  or 
for  the  local  controlled  release  of  drugs.  Table  2  .2.  shows  some  of  the  many  materials 
that  have  been  used  to  coat  metal  stents  in  an  effort  to  reduce  thrombogenicity.  Some  of 
the  most  recent  studies  include:  Polydimethylsiloxane  (PDMS)  applied  to  the  metal 

surface  by  pulsed  laser  ablation  deposition  (PLAD)  and  dip-coating.  ^  The  dip-coated 
PDMS  system  has  been  studied  as  a  controlled  release  system  for  dexamethasone  which 

inhibits  the  proliferation  of  smooth  muscle  cells.  ^  Hyaluronic  acid  has  been  attached  to 
stainless  steel  tubes  with  a  subsequent  reduction  in  platelet  adhesion  as  determined  by  an 

A-V  shunt  model.    Lahann  el  al.  used  chemical  vapor  deposition  to  attach  a 
tunctionalized  [2.2]paracyclophanes  to  metal  stent  surfaces.  These  coatings  were  than 
pyrolyzed  to  flinctionalized  poly(p-xylenes)  and  the  thrombin  inhibitor  r-hiruden  was 

immobilized  to  the  film  surface.  Biocompatibles  Ltd.  has  developed  the  div  Ysio  stent 
that  is  coated  with  phosphorylcholine.  These  stents  have  been  shown  to  minimize  platelet 

adhesion  in  in  vitro  studies,  which  is  hoped  to  lead  to  reduced  thrombosis  in  vivo. 
Commercially  available  coated  stents  are; 

-  InFlow,  gold-coated 

-  NIR,  gold-coated 

-  Tensum,  silicon-carbide-coated 

-  Tenax,  silicon-carbide-coated 

-  Diamond  AS,  diamond-like  carbon  coated 

-  Diamond  Flex  AS,  diamond-like  carbon  coated 

-  Palmaz-Schatz,  heparin  coated 
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-  Wiktor,  heparin  coated 

-  JOSATENT,  heparin  coated 

-  PRO-STENT,  heparin  coated 

-  DivYsio,  phosphorylchoHne  coated 


Table  2.3.  Materials  studied  for  use  as  stent  surface  modification. 


Synthetic  Materials 

Natural  Materials 

Polyurethane 

Collagen 

Segmented  polyurethane/heparin 

Heparin 

Poly-L-lactic  acid 

Fibrin 

Cellulose  ester 

PhosphorylchoHne 

Polyethylene  Glycol 

AZI  adsorbed  to  cellulose 

Polyphosphate  ester 

AZIAJK  adsorbed  to  cellulose 

Gold 

Silicon  Carbide 

Diamond-like  carbon 

AZI  =  monoclonal  antibody  directed  against  rabbit  platelet  integrin  aubPiii 

AZI/UK  =  monoclonal  antibody  directed  against  rabbit  platelet  integrin  aiibPm/urokinase 

conjugate. 


Even  though  there  are  many  new  ideas  and  stent  designs  actively  being  pursued, 
there  is  also  a  vast  need  for  improvement  in  surface  compatibility.  This  is  a  problem  that 
may  eventually  include  polymeric  surface  coating  and  drug  release  in  one  design.  This  is 
why  development  of  a  silicone-phospholipid  copolymer  may  prove  to  be  advantageous. 

The  hydrophilic  phospholipid  component  should  migrate  to  the  surface  of  the  film 
when  exposed  to  a  hydrophilic  environment  and  the  silicone  would  provide  the 
mechanical  properties  needed  for  retention  of  film  coherence  during  stent  expansion. 


CHAPTER  3 
MATERIALS  AND  METHODS 

Gamma  Radiation  Surface  Graft  Modification  of  Silicone 
Materials  &  Reagents 

Substrates.  The  silicone  substrates  for  the  GRIP  modification  experiment 
consisted  of  poly(dimethylsiloxane)  prepared  from  a  two-part,  non-silica  filled,  oligomer 
Shin-Etsu  (KE-1935)  system  purchased  from  Shincor  Silicones.  The  samples  were  cut  as 
1  cm  diameter  discs  from  sheets  of  cured  silicone.  These  sheets  were  prepared  by  mixing 
in  a  plastic  cup,  50  ml  of  each  component.  This  mixture  was  then  spread  onto  glass  plate 
mold  (16  cm  x  24  cm)  and  degassed  under  vacuum  (~  76  cm  Hg)  at  40-50  °C  for  until  no 
more  bubbles  formed  and  them  cured  at  the  same  temperature  with  no  vacuum.  The  12"  x 
12"  cast  sample  was  then  held  under  vacuum  for  24  h.  The  final  thickness  ranged  from  2- 
4  mm.  Sample  discs  were  cut  from  this  plaque  using  a  1  cm  cork  borer.  All  samples  were 
Soxhlet  extracted  in  hexane  to  remove  any  residual  oligomer  and  impurities  then  dried  in 
vacu  overnight. 

Monomers  &  Reagents.  The  MPC  monomer  was  supplied  by  Professor  Y. 
Iwasaki,  Institute  for  Medical  and  Dental  Engineering,  Tokyo  Medical  and  Dental 
University,  used  without  fiarther  purification  and  stored  in  a  freezer  and  weighed-out  in  a 
glove  box. 

2-Hydroxyethylmethacrylate  (HEMA),  N-vinylpyrrolidone  (NVP),  methacrylic  acid 
(MAA)  and  methylmethacrylate  (MMA)  (ARCOS  chemical)  were  vacuum  distilled 
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at  1mm  Hg  and  in  order  to  remove  stabilizer.  These  monomers  and  oligomers  were 
refrigerated  until  use.  All  water  was  ultra-purified  to  a  resistance  of  1 5  MH/cm.  DMSO 
was  purchased  through  Aldrich,  99.8%,  anhydrous  in  a  sure  seal  container  and  used 
without  further  purification.  Methanol  (Fisher  Scientific,  electronic  grade)  and 
chloroform  (reagent  grade)  was  used  as  received. 

Sample  Preparation  &  Substrate  Extraction.  Individual  PDMS  disc  (1  cm 
diameter,  2-4  mm  thick)  samples  were  placed  into  10  x  150  mm  glass  test  tubes  fitted 
with  rubber  septa.  The  presoak  solution  added  and  samples  let  stand  for  a  pre-described 
time,  after  which  the  pre-soak  solution  was  decanted  off  of  the  sample  and  the  gamma 
solution  added.  These  solutions  were  degassed  by  bubbling  argon  through  the  solution  for 
two  minutes.  These  sealed  test  tubes  were  place  in  a  rotating  sample  turret  and  placed 
into  a  ^Co  source  (as  shown  in  Figure  3  .1).  These  samples  were  irradiated  for  a  time 
calculated  to  deliver  a  set  radiation  dosage.  The  sample  were  then  removed  and  placed 
into  fresh  test  tubes  and  extracted  in  a  series  of  solvents  dependent  on  monomer  system. 
This  was  usually  methanol,  1  day,  water,  2  days.  Contact  angle  measurements  were  then 
made,  samples  dried,  FTIR  and  XPS  spectra  obtained. 

Surface  Modification  Experiments 

The  following  experiments  were  run  in  order  to  find  a  route  to  the  surface  grafting 
of  MFC  to  PDMS  via  GRIP.  Copolymer  systems  were  used  to  increase  the  solubility  of 
the  MPC  monomer  into  the  PDMS  system.  This  work  was  based  on  the  success  of 

Widenhouse  in  modification  of  PDMS  surfaces  with  MMA.^^  Two-stage  modification 
experiments  were  also  tried  in  order  to  surface  graft  the  MPC  onto  a  PDMS  surface  that 
had  already  been  modified  with  a  hydrophilic  monomer. 
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Figure  3.1.  Sample  turret  and  gamma  Co  source  configurations  for  gamma 
polymerization.^^ 

Gamma  Initiated  MPC/HEMA  and  MPC/MAA  Copolymer  Modification  of  PDMS 

Previous  experiments  had  shown  that  HEMA  and  MAA  could  be  used  to  surface 
modify  PDMS  using  gamma  initiated  polymerization.  These  experiments  showed  a 
greater  degree  of  modification  was  seen  in  the  HEMA  system.  This  lead  to  the  use  of 
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HEMA  and  MAA  as  co-monomers  for  the  Hydrograft™  surface  modification  of  PDMS 
with  MPC.  The  following  samples  were  made  to  delineate  the  effect  of  solvent  system 
on  the  gamma  radiation  initiated  modification  of  these  monomers.  Monomer  ratios  and 
concentrations  were  chosen  with  respect  to  previous  experiments  run  in  this  research 
group  for  modification  of  other  substrates. 

The  first  copolymer  experiment  was  run  with  the  pre-soak  solutions  of  20  w/w% 
monomer,  0. 1  mole  MPC  and  0.9  mole  HEMA  or  MAA.  The  pre-soak  was  three  hours, 
the  solution  removed,  and  the  gamma  monomer  solution  added.  The  gamma  solution  for 
the  HEMA/MPC  system  was  0, 1  mole  MPC,  0.9  mole  HEMA,  7.5  w/w%  monomer  in 
50:50  water/methanol.  For  the  MAA/MPC  system,  the  same  molar  ratio  was  used,  but  the 
total  monomer  concentration  was  5  w/w%  in  water. 

A  third  series  of  sample  was  run  separately  with  repeated  controls  from  the  first 
two  series.  This  series  used  the  same  monomer  concentration  but  the  pre-soak  solutions 
were  both  in  methanol  and  the  gamma  solutions  were  both  in  50:50  water/methanol.  The 
samples  were  exposed  to  a  total  gamma  dosage  of  0.05  Mrads  at  270  rads/minute  (4  " 
from  the  source).  All  samples  were  removed  from  the  gamma  solutions  after  irradiation 
and  extracted  in  methanol  for  two  days  (changing  the  solvent  twice  per  day)  and  then 
soaked  in  water  at  least  one  day  prior  to  contact  angle  measurement.  Samples  for  this 
experiment  are  listed  in  Table  3.1. 

A  second  copolymer  study  was  run  for  these  systems  and  included  modification 
with  MPC  alone.  The  monomer  ratios  were  changed  for  this  experiment.  The 
HEMA/MPC  soak  solution  was  6:1  moles  HEMA  :  moles  MPC  at  18  w/w%  in  methanol. 
The  HEMA/MPC  gamma  solution  was  9: 1  moles  HEMA  :  moles  MPC  at  8w/w%  in 
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50:50  water/methanol.  For  the  MAA/MPC  system,  the  soak  solution  was  8.5:1  moles 
MAA :  moles  MPC  at  25  w/w%  in  methanol.  The  MAA/MPC  gamma  solution  was  19: 1 
moles  MAA  :  moles  MPC  at  10  w/w%  in  water.  The  MPC  system  was  pre-soaked  with 
22  w/w%  MPC  in  methanol  at  room  temperature.  The  gamma  polymerization  solution 
was  1 1  w/w%  MPC  in  methanol. 


Table  3  .1.  Listing  of  samples  for  the  first  HEMA/MPC  and  MAA/MPC  co-polymer 
study. 


Sample 

Pre-Soak 
Solution 

Gamma  Solutitm 

lA,  IB,  IC 

HEMA/MPC  - 
Water 

HEMA/MPC - 
Water/Methanol 

2A,  2B,  2C 

MAA/MPC  - 
Water 

MAA/MPC - 
Water 

3A,  3B,  3C 

HEMA/MPC  - 
Methanol 

HEMA/MPC - 
Water/Methanol 

3D,  3E,  3F 

MAA/MPC  - 
Methanol 

MAA/MPC - 
Water/Methanol 

Control  1  &  la 

Water 

Water 

Control  2  &  2a 

Water 

Water/Methanol 

Control  3 

Methanol 

Water/Methanol 

Table  3  .2.  Listing  of  samples  for  the  second  HEMA/MPC  and  MAA/MPC  co-polymer 
studV;  


Sample 

Pre-Soak  Solution 

Gamma  Solution 

MHl,  MH2,  MH3 

HEMA/MPC  -  Methanol 

HEMA/MPC  - 
Water/Methanol 

MM1,MM2,  MM3 

MAA/MPC  -  Methanol 

MAA/MPC  - 
Water/Methanol 

MPC1,MPC2,  MPC3 

MPC  -  Methanol 

MPC  -  Methanol 

Control  1 

Methanol 

Water/Methanol 

Control  2 

Methanol 

Methanol 

Control  3 

Methanol 

Water 

The  samples  for  this  experiment  are  listed  in  Table  3.2.  Gamma  exposure  was 
.05  Mrads  at  270  rads/minute.  All  samples  were  removed  from  the  gamma  solutions 
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after  irradiation  and  extracted  in  methanol  for  two  days  (changing  the  solvent  twice  per 
day)  and  then  soaked  in  water  at  least  one  day  prior  to  contact  angle  measurement. 

Gamma  MPC  Modification  of  PDMS 

In  order  to  see  if  increasing  the  swelling  of  the  MPC  into  the  PDMS  will  increase 
the  surface  modification,  chloroform  was  used  as  the  pre-soak  solvent  in  this  experiment. 
The  pre-soak  solution  for  all  samples  was  20  w/v%  MPC  in  chloroform.  All  the  gamma 
solutions  were  at  10  w/v%  MPC  in  water/methanol  at  the  ratios  shown  in  Table  3.3.  Two 
different  gamma  dosages  were  used.  Three  samples  were  run  at  each  condition  listed  in 
Table  3.3,  plus  three  controls  for  each  dosage,  for  a  total  of  25  samples.  Controls  were 
soaked  in  chloroform  and  irradiated  in  methanol/water  without  monomer.  Three 
additional  samples  were  included  in  the  0.025  Mrad  condition  (1.5  h  at  278  rads/  min,  4  " 
from  source)  where  the  samples  were  irradiated  in  the  pre-soak  solution  (condition  4). 

All  samples  were  removed  from  the  gamma  solutions  after  irradiation  and 
extracted  in  methanol  for  two  days  (changing  the  solvent  twice  per  day)  and  then  soaked 
in  water  at  least  one  day  prior  to  contact  angle  measurement. 


Condition 

Gamma  Solution 
MeOH:  H2O 

Gamma  Dosage 
(Mrad) 

1 

25:75 

0.025 

2 

50.50 

0.025 

3 

75:25 

0.025 

4 

Soak  solution 

0.025 

5 

25:75 

0.050 

6 

50:50 

0.050 

7 

75:25 

0.050 
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Two-Stage  Gamma  Radiation  Modification  of  PDMS 

In  order  to  get  higher  surface  concentrations  of  the  phospholipid  on  the  surface 
the  PDMS),  a  series  of  experiments  were  devised  that  consisted  of  first  modifying  the 
PDMS  with  HEMA,  MAA,  or  NVP  and  then  initiating  a  second  modification  with  MPC. 
Both  modifications  were  initiated  via  GRIP  using  the  standard  procedure  stated  above. 

Eight  samples  were  modified  for  each  condition  described  below,  plus  six 
controls.  The  ^°Co  source  had  been  changed  (recharged)  during  this  time.  Therefore  two 
series  of  samples  were  run  at  two  dose  rates  to  determine  any  dependence  on  dose  rate. 
The  distance  between  the  source  and  the  samples  adjusted  the  dose  rate.  The  first  series 
of  samples  were  run  at  8.3  inches  (277  rads/min.)  and  the  second  series  at  a  higher  dose 
rate  at  4  inches  (1 189  rads/min  ).  The  sample  holder  on  the  rotating  turret  positions  the 
test  tubes  at  4  "  from  the  source  center.  An  8  "  sample  turret  would  not  fit  into  the  gamma 
chamber.  Therefore  adjusting  the  sample  positions  to  obtain  previously  used  dose  rates 
eliminated  the  use  of  the  rotating  turret.  Conditions  for  these  experiments  are  listed  in 
Table  3  ,4.  All  samples  were  pre-soaked  for  3  hours,  soak  solutions  decanted  off  and 
gamma  polymerization  solutions  added.  Standard  protocol  was  used  to  wash  and  extract 
samples  before  CA,  FTIR  and  XPS  measurements. 

The  second  stage  of  this  experiment  was  to  take  some  of  the  samples  from  the 
above  experiment  and  modify  them  with  the  MPC  monomer  by  pre-soaking  and  gamma 
initiation  in  20  w/v%  MPC  in  50:50  MeOH/H20.  Pre-soak  was  for  3  h.  Gamma 
irradiation  was  at  8"  for  1 .5  h  to  give  a  dose  of  0.025  Mrads  (277  rads/min)  without 
carousel  rotation.  After  irradiation,  samples  were  removed  from  the  slightly  gelled 
solutions  and  extracted  in  methanol  for  1  day  and  then  water  for  2  days.  Two  previous 
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MPC-modified  samples  were  included  in  this  experiment.  Table  3.5  lists  the  samples 
included  for  this  experiment. 


Sample(s) 

Pre- 
Soak 
Solution 

Gamma 
Solution 

Gamma 

Dose 
(Mrads) 

Series  1 : 
Gamma  Time 
(min.) 

Series  2: 
Gamma  Time 
(min) 

rnntrol  1 

&  lb 

MeOH 

ju.  jv 
MeOH/HjO 

0.05 

240 

38 

Control  2 
&  2b 

MeOH 

H2O 

0.05 

240 

38 

Control  3 
&3b 

MeOH 

H2O 

0.10 

480 

77 

SHl-8 

U  V/Vyo 
HEMA 
MeOH 

IV  V/Vyo 

HEMA 
MeOH/HzO 

0.05 

240 

38 

SMl-8 

20  v/v% 
MAA 
MeOH 

5  v/v% 
MAA 
H2O 

0.05 

240 

38 

SPl-8 

0  v/v% 
NVP 
MeOH 

10v/v% 
NVP 
H2O 

0.10 

480 

77 

able  3  .5.  Samples  for  the  stage  two  MPC  modifications  of  PDMS  by  gamma  initiation 


Sample(s) 

Pre- 
Soak 
Solution 

Gamma 
Solution 

Gamma 
Dose(Mrads) 

Series  1  : 
Gamma  Time 
(min.) 

Series  2: 
Gamma 
Time  (min) 

Control  lb 

MeOH 

50:50 
MeOH/H20 

0.05 

240 

38 

Control  3 

MeOH 

H2O 

0.10 

480 

11 

SH2 

20  v/v% 
HEMA 
MeOH 

10v/v% 
HEMA 
MeOH/HjO 

0.05 

240 

38 

SM3  & 
SM5 

20  v/v% 
MAA 
MeOH 

5  v/v% 
MAA 
H2O 

0.05 

240 

38 

SP2& 
SP6 

20  v/v% 
NVP 
MeOH 

10v/v% 
NVP 
H2O 

0.10 

480 

77 

MPC  1  & 
MPC  4 

20  w/v% 
MPC 
CHCI3 

10v/v% 
MPC 
MeOH/H20 

0.025 

90 

19 
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Gamma  MPC  Modification  of  PDMS 

PDMS  samples  were  modified  with  MPC  by  pre-soaking  for  three  hours  in  a  20 
w/v%  MPC/CHCI3  solution  and  then  gamma  irradiation  in  a  10  w/v%  MPC  in  50:50 
water/methanol.  The  total  dosage  was  0.025  Mrads  at  11 89  rads/min(4",  19  min.)  or  277 
rads/min.  (8",  90  min  ).  Three  samples  were  run  at  each  of  the  two  conditions.  Three 
controls  were  run:  one  at  no  gamma,  and  one  at  each  of  the  two  conditions.  Samples  were 
extracted  with  methanol  for  1  day  then  for  2  days  with  water. 

In  order  to  investigate  the  use  of  DMSO  as  a  solvent  for  the  gama  modification  of 
PDMS  with  MPC,  a  series  of  samples  were  both  pre-soaked  and  irradiated  in  the 
solutions  outlined  in  Table  3  .6.  A  second  duplicate  series  of  samples  were  run  on  PDMS 
discs  which  had  been  degassed  by  eight  argon  flush-vacuum  cycles  over  48  hours.  This 
was  to  establish  if  trapped  oxygen  was  leading  to  the  variation  in  modifications  often 
seen  for  these  samples.  All  solutions  were  degassed  for  two  minutes  prior  to  irradiation. 
Irradiation  was  at  a  dose  rate  of  1 178  rads/min.  for  102  minutes,  0. 12  Mrads  total  dosage. 
After  irradiation,  the  samples  were  removed  fi-om  the  gamma  solutions  and  placed  in 
methanol  for  one  day  of  extraction.  This  was  followed  by  two  days  of  extraction  in  water, 
with  a  change  in  the  water  each  day. 

Table  3.6.  MPC  modification  of  PDMS/DMSO. 


Sample 

Pre-Soak/Gamma  Solution 

Cl-3,  C7-9* 

DMSO 

C4-6,  ClO-12* 

70:30  DMSO  MeOH 

Ml -3,  M7-9* 

0.034  M  MPC  in  DMSO 

M4-6,  MlO-12* 

0.067  M  MPC  in  70:30 
DMSOMeOH 

*  Second  series  of  samples. 
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Gamma  MPC/MMA  Copolymer  Modification  of  PDMS 

To  determine  if  copolymerization  with  methyl  methacrylate  (MMA)  would 
enhance  the  modification  process,  an  experiment  was  devised  based  on  the  work  of 

Widenhouse,-^'^  The  soak  and  gamma  solutions  were  the  same  and  degassed  with  argon 
for  2  min.  prior  to  irradiation.  The  samples  were  placed  at  6.6"  from  the  source  to  give  a 
dose  rate  of  425  rads/min.  for  235  min.  and  a  total  dose  of  0. 1  Mrad.  Five  controls  were 
run  in  DMSO,  five  samples  were  run  in  5  vol  %  MMA,  and  five  samples  were  run  in  0.2 
M  MPC  and  0.5  M  MMA  in  DMSO.  These  samples  were  extracted  for  one  day  each  in 
water,  methanol,  and  water. 

Surface  Modification  by  Electropolymerization 
Substrates  &  Reagents 

Substrates.  Stainless  steel  electrodes  (1x5  cm)  were  cut  fi"om  15  mil  sheets  by 
cutting  on  a  metal  shear.  These  electrodes  were  washed  by  fifteen  minutes  of  sonification 
twice  each  in  trichloroethane,  acetone,  and  methanol.  The  electrodes  were  then  dried  in 
vacu  and  stored  in  plastic  test  tubes. 

Preparation  of  Coupling  Agent  Coated  Stainless  Steel.  Stainless  steel 
electrodes  with  a  coupling  agent  modified  surface  were  prepared  by  a  method  developed 

by  Widenhouse:^^ 

Cleaning:  Add  each  of  the  following  solutions  to  the  electrode  container,  sonicate 

for  1 5  minutes,  and  pour  off  solution  prior  to  adding  in  the  next  solution: 

1,1,1  -trichloroethane 

Chloroform 

Acetone 

Isopropanol 

Ukrapure  water 

Ultrapure  water  (2"''  wash) 
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Place  container  in  60  °C,  and  let  dry  overnight. 

B-2494  (bis(3-(triethoxysilyl)propyl)tetrasulfide)  Modification:  Make  a  20  % 
(v/v)  solution  of  B-2494  in  chloroform.  Add  the  solution  to  the  container.  Place  into  a  52 
°C  (between  50  and  55  °C)  bath  and  allow  to  stand  for  2  hours.  Remove  from  bath,  and 
remove  solution  by  pipette.  Rinse  with  chloroform  (1-2  h),  remove.  Add  fresh  chloroform 
and  rinse  for  12-24  h. 

Conversion  to  silanols:  Remove  chloroform  with  pipette.  Rinse  with  93% 
chloroform  -  7%  ethanol.  Rinse  with  100%  ethanol.  Add  ethanol/water  (95  v%  /  5  v%) 
and  let  stand  3  hours. 

SID-4612  (1,3-divinyltetramethyldisilazane)  Modification:  Make  a  10  %  (v/v) 
solution  of  SID-4612  in  toluene.  Remove  ethanol/water  solution.  Rinse  with  100% 
ethanol.  Rinse  with  93  %  chloroform  -  7  %  ethanol.  Rinse  with  chloroform.  Rinse  with 
toluene.  Add  the  10  %  SID-4612/toluene  solution  to  the  container.  Place  in  a  water  bath 
at  52  °C  (between  52-55  °C)  for  1  hour.  Remove  solution.  Rinse  with  toluene.  Let  stand 
in  second  rinse  of  toluene  for  12-24  hours.  Dry  samples  at  60  °C  (no  vacuum). 

Monomers  &  Reagents.  MPC,  methanol,  water,  and  DMSO  were  as  described 
above.  The  1,3-divinyltetramethyldisiloxane  (VMS),  a  low  molecular  weight  oligomer 
was  purchased  from  United  Chemical  Technologies  (UTC)  and  used  as  received  (specific 
gravity  of  1.10,  viscosity  =  8  -  11  cs  at  25  °C).  The  methacryloxypropyl  terminated 
PDMS  was  also  purchased  from  UCT  and  used  as  received  (Mn  =  33,000,  viscosity  = 
1000  cs  at  25  °C).  The  methacryoloxy-terminated-polydimethylsiloxane  (MAOP) 
oligomer  (United  Chemical  Technologies)  and  vinyl methoxysiloxane  (VMS)  oligomer 
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(Gelest,  VMM-010)  were  refrigerated  and  used  as  received.  Tetraethylammonium 
bromide  (TEAB)  and  ammonium  persulfate  was  purchased  from  ACROS  chemical.  The 
TEAB  was  dried  and  stored  in  a  glove  box.  The  ammonium  persulfate  was  stored  in  a 
refrigerator. 

Electropolymerization  Equipment  &  Cell  Design 

A  simple  electrochemistry  cell  was  used  as  depicted  in  Figure  2.7.  The  working 
electrode  (cathode)  was  the  stainless  steel  to  be  coated.  The  cell  was  designed  in 
collaboration  with  Drew  Amery.  The  counter  electrode  was  a  coiled  platinum  electrode 
(Bioanalytical  Systems,  MW-1033)  and  the  reference  electrode  was  a  SCE  electrode 
(Fisher  Scientific,  13-620-57).  Argon  was  bubbled  into  the  solution  via  a  stainless  steel 
syringe  needle.  A  magnetic  stir  bar  at  a  constant  setting  for  all  experiments  stirred  the 
solution.  The  potentiostat  (Pine,  AFRDE4  bi-potentiostat)  was  used  on  conjunction  with 
a  chart  recorder  to  obtain  cyclic  voltamograms  (CVs). 
Feasibility  Study 

An  initial  feasibility  study  was  conducted  by  running  several  hydrophilic 
monomers  and  the  MAOP  monomer.  These  experiments  were  run  in  scanning  mode 
between  0  and  -2  V  versus  either  SCE  or  Ag/AgCl  in  order  to  establish  the  potential  of 
the  monomer  or  initiator  reduction  peak  Several  solvents  and  electrolyte  systems  were 
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Table  3  .7  Preliminary  experiments  for  the  polymeric  electrochemical  surface 
modification  of  stainless  steel.   


1  ExpL  #  1  Sweeps  \  Sweep  rate  (mV/s)  \  Electrode 

Filename  \  Comments 

Experiment:  2-vinylpYridine  (2VP),  pH  4.5,  0.4685g,  Nl 

^4C104,  9:1  MeOH:H20 

1 

1 

1 

New 

7 1299 A 

2 

1 

10 

Same 

7 1299 A 

3 

1 

30 

Same 

71299B 

4 

10 

10 

Same 

71299C 

5 

20 

30 

Same 

71299D 

Total  = 
35  sweeps 

6 

1 

30 

New 

71299E 

7 

100 

30 

Same 

71299F 

Total  = 
101  sweeps 

8 

1 

10 

New 

71299G 

9 

1 

80 

Same 

71299H 

10 

1 

80 

Same 

712991 

11 

7 

80 

Same 

7 1299 J 

Total  = 
10  sweeps 

Experiment:  7.5  %  I- 

EMA  in  H2O,  0.4780g  NH4CIO4 

1 

1 

80 

New 

2 

1 

80 

Same 

3 

1 

80 

New 

71299K 

4 

10 

80 

Same 

71299L 

Total  = 
13  sweeps 

5 

10 

80 

Same 

71299M 

Experiment:  5  %  MAA  in  H2O,  0.4780g  NH4CIO4 

1 

1 

80 

New 

71299N 

Gas  bubbles  on 
both  electrodes 

2 

2 

80 

Same 

712990 

Gas  bubbles  on 
both  electrodes 

3 

10 

80 

Same 

7 1299? 

Gas  bubbles  on 
both  electrodes 

4 

1 

80 

New 

71299Q 

Gas  bubbles  on 
both  electrodes 

5 

10 

80 

Same 

71299R 

Cleaned  Ft 
electrode 

Experiment:  10  %  NVP  in  H2O,  0.47 13g  N 

[H4CIO4.NVP  slightly  yellow. 

1 

1 

10 

New 

7 1499 A 

2 

10 

10 

Same 

71499D-F 

Experiment:  20  %  M 
Experiment:  2.5%  IV 

AOP  in  CH2CI2,  0.4097g  TEAS. 
PC  in  1: 1  MeOH:H20,  0.4750g  NK 

[4CIO4 

1 

1 

10 

New 

71299S 

No  gas  evolution 

2 

10 

10 

Same 

71299T-U 

No  gas  evolution 

1 

1 

10 

New 

71499G 

2 

10 

10 

Same 

71499H-I 
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tried  to  establish  the  best  system  for  each  monomer.  After  this  initial  work,  the  study  was 
involved  silicone  and  MPC  monomers. 

Electrochemical  Experimental  Design  &  Surface  Modification  Experiments 

The  scan  rate  for  the  cyclic  voltamograms  (CVs)  and  any  sweep  experiments  was 
30  V/s.  CVs  were  recorded  between  0  and  -2  volts  to  SCE  (standard  calomel  electrode). 
The  coating  potentials  for  each  experiment  were  chosen  with  respect  to  the  reduction 
peak  of  the  monomer  as  shown  on  the  CV.  Coating  experiments  were  ran  for  between  6 
and  24  hours. 

After  coating,  the  stainless  steel  electrodes  were  removed,  placed  into  a  glass  test 
tube  and  dried  under  vacuum  overnight.  These  samples  were  then  extracted  in  a  series  of 
solvents.  MAOP  samples  were  extracted  in  chloroform,  1  day,  methanol,  1  day,  water,  2 
days.  MPC  and  VMS  samples  were  extracted  in  methanol  for  1  day  and  water  for  2  days. 
The  contact  angles  were  then  measured  and  samples  dried  and  contact  angle,  FTIR,  XPS, 
and  SEM  characterization  performed. 

Electrolyte  and  solvent  systems  were  chosen  fi-om  the  preliminary  studies  and 
with  consideration  of  relative  monomer  solubilities  and  potential  biological  toxicity.  With 
this  in  mind,  MeOH  and  DMSO  were  considered  to  be  the  best  candidates  for  solvents 
and  TEAB  and  ammonium  persulfate  the  best  electrolytes.  An  electrolyte  concentration, 
which  provided  a  saturated  solution,  was  chosen  to  reduce  variability  and  provide  the 
maximum  current  flow.  Monomer  concentration,  coating  time  and  solvent/electrolyte 
system  were  chosen  as  variables  for  study.  A  screening  study  determined  the  practical 
systems  for  polymerizations  with  each  monomer  and  copolymer  studies.  Experiments 
were  also  designed  to  conserve  the  limited  supply  of  MPC  monomer  kindly  supplied  by 
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the  Ishihara  and  Nakabayashi  research  groups  in  Tokyo.  These  experiments  are  outlined 
in  Tables  3.8-3.13. 
Experimental  Designs 

Methacryoloxy-Terminated-Polydimethylsiloxane  (MAOP)  Oligomer 


Tabl e  3.8.  MAOP  experimental  design. 


Expt. 

MAOP 
(Vol  %) 

Time  (h) 

Solvent/Electrolyte 

Plb 

1 

6 

DMSO/TEAB 

P2b 

1 

6 

DMSO/NH4HSO4/  coupling  agent 

P3b 

1 

6 

DMSO/TEAB  coupling  agent 

P4b 

1 

24 

DMSO/NH4HSO4 

P5b 

5 

6 

DMSO/TEAB  coupling  agent 

P6b 

5 

6 

DMSO/NH4HSO4 

P7 

20 

24 

DMSO/TEAB 

P7b 

5 

24 

DMSO/TEAB 

P8b 

5 

24 

DMSO/NH4HSO4  coupling  agent 

P7 

20 

24 

DMSO/TEAB 

Vinylmethoxysiloxane  (VMS)  Oligomer 


Table  3. 9.  VMS  Experimental  Design 


Expt. 

Monomer 
Vol  % 

Time 
(h) 

Solvent/  Electrolyte 

VMS  1 

5 

6 

DMSO/TEAB 

VMS  2 

5 

6 

MeOH/NH4HS04 

VMS  3 

5 

24 

MeOH/TEAB 

VMS  4 

5 

24 

DMSO/NH4HSO4 

VMS  5 

20 

6 

MeOH/TEAB 

VMS  6 

20 

6 

DMSO/NH4HSO4 

VMS  7 

20 

24 

DMSO/TEAB 

VMS  7B 

20 

24 

DMSO/TEAB 

VMS  8 

20 

24 

MeOH/NH4HS04 

VMS  9 

20 

24 

MeOH(95%)/NH4HS04 

VMS  10 

5 

24 

DMSO/TEAB 
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Table  3.10.  Coupling  agent  coated  electrodes  &  VMS,  experimental  design 


Expt. 

Monomer 
Vol  % 

Time  (h) 

Solvent/Electrolyte 

L-Vl 

VMS  5 

6 

T\Ti  yrC/~\/'T''r'  ATI 

DMSO/lhAB 

CV2 

VMS  5 

6 

MeOH/NH4HS04 

CVS 

VMS  20 

24 

MeOH/TEAB 

CV7 

VMS  20 

24 

DMSO/TEAB 

CVS 

VMS  20 

24 

DMSO/NH4HSO4 

CV9 

VMS  5 

24 

DMSO/TEAB 

CVIO 

VMS  5 

24 

MeOH/NH4HS04 

Methacroylphosphorylcholine  (MPC)  Monomer 


Table  3 . 11.  MPC  experimental  design 


Expt. 

MPC 
g/50ml 

Time  (h) 

Solvent/Electrolyte 

Ml 

1 

6 

DMSO/TEAB 

M2 

1 

6 

MeOH/NH4HS04 

M3 

1 

24 

MeOH/TEAB 

M4 

1 

24 

DMSO/NH4HSO4 

M5b 

2 

24 

MeOH/TEAB 

M5c 

2 

24 

MeOH/TEAB 

M6 

2 

6 

DMSO/NH4HSO4 

M7 

2 

24 

DMSO/TEAB 

M8 

2 

24 

MeOH/NH4HS04 

Non-   Dried  Samples: 

M2b 

1 

24 

MeOH/NH4HS04 

M2c 

1 

6 

MeOH/NH4HS04 

M3b 

1 

24 

MeOH/TEAB 

M3b  Sweep 

1 

24 

MeOH/TEAB 

M5b 

2 

24 

MeOH/TEAB 

M5b  Sweep 

2 

24 

MeOH/TEAB 

M8b 

2 

24 

MeOH/NH4HS04 

M8b  Sweep 

2 

24 

MeOH/ 
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Copolymerization  Studies 
VMS  -  MPC  Copolymer 

The  copolymerization  study  of  VMS  and  MPC  was  conducted  by  choosing 
conditions  that  had  been  found  to  be  optimum  for  MPC  coating.  Coupling  agent  modified 
substrates  were  used  except  in  a  couple  experiments.  The  coupling  agent  seems  to 
improve  the  VMS  film  adhesion  to  the  stainless  steel  substrate.  Two  concentration 
ranges  were  used  to  determine  if  this  effected  the  MPC  surface  concentration.  Samples 
for  the  same  monomer  concentration  and  solvent/electrolyte  were  run  in  the  same 
solutions,  just  switching  to  a  new  electrode  and  cleaning  the  platinum  electrode.  This 
was  done  out  of  the  necessity  to  conserve  MPC  monomer. 


Table  3. 


2.  Copolymerization  coating  experiments  with  MPC  and  VMS. 


Expt. 

MPCATVIS 

Time  (h) 

Solvent/Electrolyte/Potential 

VMl 

2g/2.5ml 

6 

MeOH/NH4HS04/  CA/-1.3V 

VMlb 

2g/2.5ml 

14 

MeOH/NH4HS04/  CA/-1 .3V 

VM2 

2g/2.5ml 

6 

MeOH/TEAB/CA/-1.2V 

VM2b 

2g/2.5ml 

14 

MeOH/TEAB  /CA/-1 .2V 

VM2c 

2g/2.5ml 

16 

MeOH/TEAB/-1.3V 

VM3 

2g/0.5ml 

24 

MeOH/NR^HSOV-l  2V 

VM3b 

2g/0.5ml 

24 

MeOH/NH4HS04/  CA/-1  2V 

VM4 

2g/0.5ml 

24 

MeOH/TEAB/- 1.2  V 

VM4b 

2g/0.5ml 

24 

MeOH/TEAB/CA/-1.2V 
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MAOP  -  MPC  Copolymer 

Table  3.13.  Co-polymerization  coating  experiments  with  MPC  and  MAOP. 


JcJCpi. 

MA  n  P/A/fPr' 

IVI/i \/ 1  / iM 

I  ifne  {ftj 

ooiveni/c,ieciroiyi€/rOKnn(ii 

JVJiVll 

zg//.  jmi 

0 

iVieL'lT/lNrl4rlijlJ4/L^A/-l  .3  V 

MMlb 

20/2  5m\ 

24 

MM2 

2g/2.5ml 

6 

MeOH/TEAB  /CA/-1.2V 

MM2b 

2g/2.5ml 

24 

MeOH/TEAB/CA/-1.2V 

MM2c 

2g/2.5ml 

24 

MeOH/TEAB/- 1.2V 

MM3 

2g/0.5ml 

24 

MeOH/NH4HS04/CA/-l  .2V 

MM3b 

2g/0.5ml 

6 

MeOH/NH4HS04/CA/-l  .3V 

MM4 

2g/0.5ml 

6 

MeOH/TEAB /CA/-1.2V 

MM4b 

2g/0.5ml 

24 

MeOH/TEAB  /C  A/- 1.2V 

Electropolymerization  Control  Experiments 

Two  sets  of  controls  were  made  in  order  to  establish  the  effect  of  adsorption  of 
monomers  to  the  stainless  steel  and  of  coating  of  the  stainless  steel  by  the 
electrolyte/solvent  system. 

Controls  were  obtained  by  placing  stainless  steel  electrodes  into  the  same 
monomer/solvent/electrolyte  systems  under  the  same  conditions  for  24  hours.  Solutions 
for  these  controls  were  chosen  at  the  highest  factor  levels  of  the  monomer  concentration 
and  time.  These  samples  (Table  2.14)  were  extracted  and  analyzed  in  the  same  manner  as 
the  electrocoated  samples. 


able  3  .14.  Absorption  study  experiments. 


Expt 

Monomer/  Cone. 

Solvent/Electrolyte 

Electrode  Type 

Time  (h) 

P3b 

MAOP/ 2.5  ml 

DMSO/TEAB 

CASS* 

6 

P8b 

MAOP /2.5  ml 

DMSO  /  NH4HSO4 

CASS* 

24 

M5 

MPC/2g 

MeOH  /  TEAB 

Plain 

24 

M8 

MPC/2g 

MeOH  /  NH4HSO4 

Plain 

24 

CV7 

VMS  /  20  % 

DMSO/TEAB 

CASS* 

24 

CVS 

VMS  /  20  % 

MeOH  /  NH4HSO4 

CASS* 

24 

*CASS  =  coupling  agent  coated  stainless  steel 
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The  electrolyte/solvent  controls  were  also  selected  from  conditions  used  in  the 
coating  experiments.  These  experiments  were  run  under  the  same  conditions  as  the 
coating  experiments  but  with  the  absence  of  monomer.  Table  2.15  outlines  these 
experiments. 


able  3.15.  Electrolyte/solvent  control  experiments. 


Expt 

Solvent/Electrolyte 

Time  (h) 

Potential  (V) 

Type  of  Electrode 

1 

DMSO/TEAB 

6 

-0.8 

CASS 

2 

DMSO/TEAB 

6 

-1.3 

Plain 

3 

DMSO/TEAB 

24 

-0.65 

CASS 

4 

DMSO/NH4HSO4 

6 

-1.6 

Plain 

5 

DMSO/NH4HSO4 

24 

-0.8 

Plain 

6 

MeOH  /  TEAB 

24 

-1.3 

Plain 

7 

MeOH  /  NH4HSO4 

6 

-1.2 

CASS 

8 

MeOH  /  NH4HSO4 

6 

-1.3 

Plain 

9 

MeOH  /  NH4HSO4 

24 

-1.1 

Plain 

10 

MeOH  /  NH4HSO4 

24 

-1.2 

CASS 

Electropolymer  Characterization  Techniques 

Contact  Angle 

A  simple,  non-destructive  technique  for  determining  the  relative  hydrophilicity  of 
solid  substrates  is  contact  angle  goniometry.  This  study  used  a  Rame-Hart  contact  angle 
goniometer  to  evaluate  modified  and  non-modified  surfaces.  A  captive-bubble  technique 
was  used,  which  involves  placing  air  bubbles  {ca.  0.2  |il)  onto  the  water-submerged 
surface  of  the  substrate.  The  bubbles  are  placed  on  the  surface  by  using  a  microliter 
syringe.  The  angle  between  the  surface  and  the  bubble  is  measured  and  is  dependent  on 
the  solid-vapor  (ysv),  solid-liquid  (ysi)  and  liquid-vapor  (yw)  interfacial  free  energies.  The 
relationship  between  these  values  is  Young's  equation; 
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Cos(e)  =  (ysv-ysi)/yiv.  (2.1) 
The  samples  were  measured  to  minimum  of  five  sets  of  angles  (five  bubbles,  ten 
measurements).  Contact  angles  <  20°  are  considered  hydrophilic,  between  50-60°  are 
intermediate  and  over  100°  are  hydrophobic.  This  technique  is  depicted  in  Figure  3.2. 


Aluminum 
Block 


Uhrapure 
Water 


Sample 

Bubble 

<   Transparent 

Acrylic 
Chamber 


ysL^ 


Figure  3  .2.  Depiction  of  captive  bubble  contact  angle  measurement  technique  showing 
(a)  sample  analysis  chamber  and  (b)  bubble  at  interface. 


X-Ray  Photoelectric  Spectroscopy 

X-ray  photoelectric  spectroscopy  (XPS)  provides  both  a  quantitative  and 
qualitative  atomic  chemical  compositional  analysis  of  surfaces.  This  technique  is  based 
on  the  photoelectric  effect  where  core  atomic  electrons  are  ejected  as  the  result  of  X-ray 
bombardment.  The  energy  emitted  by  this  electron  is  discrete  and  related  to  the  binding 
energy  of  the  electron  and  the  excitation  radiation,  as  shown  in  equation  2  .2. 


56 

Eb=hv-Ek-0  (2.2) 
Eb  is  the  binding  energy,  hv  is  the  photon  energy  (h  =  Plank's  constant, 
V  =  X-ray  frequency),  Ek  is  the  kinetic  energy  of  the  electron,  and  O  is  the  instrumental 
work  function.  The  chemical  bonding  environment  of  the  atom  also  effects  the  binding 
energy,  and  therefore  some  functional  group  information  can  be  implied  from  this  data. 
A  Kratos  model  XSAM-800  spectrometer  with  a  Mg  K<x  X-ray  source  was  used  to  obtain 
surface  analyses  for  both  PDMS  and  coated  stainless  steel  substrates.  The  X-ray  gun  was 
operated  at  12  to  12.6  KeV  and  9  to  10  mA.  The  analysis  chamber  was  maintained  at 
10'^  to  10'^  torr  during  analysis.  Spectra  were  quantified  using  Kratos  DS800  software. 
The  C  Is  peak  (285  eV)  was  used  for  calibration  on  all  spectra.  The  depth  of  analysis  is 
substrate  dependent,  but  can  be  assumed  to  be  ca.  50  angstroms. 

Scanning  Electron  Microscopy 

A  Jeol  6400  scanning  electron  microscope  (SEM)  was  used  to  determine  the 

surface  texture  and  relative  quality  of  the  coated  electrode  surfaces.  SEM  micrographs  of 
the  un-coated  and  coupling  agent-modified  stainless  steel  were  also  obtained  as  controls. 
The  surfaces  were  analyzed  at  5  eV  and  at  magnifications  of  100  to  5000x.  Samples  were 
mounted  onto  metal  studs,  spotted  with  carbon  paint  to  prevent  charging  and  coated  by 
Paul  Martin  with  a  thin  layer  (50  -  100  angstroms)  of  gold  palladium  for  3  minutes  using 
a  Hummer  V  sputter-coating  system  (Technics,  Alexandria,  VA). 

Fourier  Transform  Infrared  Spectroscopy 

Fourier-transform  infrared  (FTIR)  spectroscopy  is  a  well-known  technique  for 

acquisition  of  functional  group  information  in  polymers.  This  technique  measures  the 
vibrafional  modes  of  the  bonds  in  a  molecule  by  use  of  a  laser  beam  that  emits  energy  in 
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the  infrared  region  (4000  to  400  cm'').  The  relative  absorbence  of  the  functional  groups 
in  the  molecule  relates  to  the  type  of  group  and  the  concentration  of  that  group. 

Attenuated  total  reflectance  FTIR  (ATR-FTIR)  is  a  technique  which  is  extremely 
useful  for  the  non-destructive  evaluation  of  polymer  surfaces.  In  this  technique,  the 
sample  is  placed  onto  a  crystal  through  which  the  laser  light  is  propagated.  This  light  is 
reflected  at  an  angle  so  that  the  beam  is  reflected  at  the  surface  of  the  air-crystal  interface. 

When  the  sample  is  placed  in  intimate  contact  with  the  crystal  surface,  the  beam 
enters  into  the  sample  to  a  certain  depth  at  each  reflection.  The  depth  of  penetration  (dp) 
of  the  beam  into  the  surface  is  dependent  on  the  refractive  index  of  the  sample  and  the 
wavelength  of  the  beam.  This  relationship  is  shown  in  equation  3.3: 

dp=  ?i/(27in,(sin^e  -  nj/ni)'^)  (3.3) 

Where  X  is  the  wavelength  of  the  incident  IR  radiation,  ni  is  the  refractive  index 
of  the  ATR  crystal,  n:  is  the  refractive  index  of  the  sample,  9  is  the  incident  and  exit 
angle  of  the  IR  beam.  A  diagram  of  the  ATR  crystal,  beam  reflection,  and  sample 
placement  is  shown  as  Figure  2.3. 

An  ATR-FTIR  microscope  was  used  to  obtain  IR  spectra  on  the  coated  stainless 
steel  samples,  which  were  incompatible  with  the  regular  ATR-FTIR  technique  due  to  the 
high  reflectivity  of  the  stainless  steel.  The  ATR-FTIR  microscope  allows  information  to 
be  obtained  from  a  specific  area  on  the  sample.  The  disadvantage  of  this  technique 
proved  to  be  the  limit  in  sensitivity  due  to  the  small  sample  area. 

The  instrument  used  in  this  study  was  a  Nicolet  Magna  706  with  microscope 
attachment.  Omnic  software  was  used  to  process  and  analyze  the  spectra. 
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Figure  3.3.  Schematic  of  ATR-FTIR  crystal,  sample  and  propagation  path  of  laser  light. 


CHAPTER  4 
RESULTS  AND  DISCUSSION 

Gamma  Radiation  Surface  Graft  Polymerization  Modification  of  Silicone 

Results  for  these  experiments  (Table  4.1.)  showed  some  (14  °-  18  °)  variation  in 
contact  angle  for  PDMS  controls  within  the  same  sample  set.  Otherwise,  the  modified 
samples  did  show  reduced  contact  angles  compared  to  the  control  samples  (30  °  to  50  °), 
the  most  significant  of  which  were  the  HEMA/MPC  modification  series  3  A-3C  with 
average  contact  angles  of  31-33  °(p=>  0.01,  n  =  3  samples  with  10  averaged 
measurements/sample).  This  was  also  the  only  modification  that  showed  FTIR  evidence 
of  modification  (Figure  4. 1).  The  HEMA/MPC  series  1 A-IC  and  the  MAA/MPC  series 
2A-2C  and  3D-3F  also  showed  exhibited  significance  (p=>  0.05,  n  =  3  samples  with  10 
averaged  measurements/sample),  in  average  contact  angle  reduction  with  respect  to  their 
controls. 

XPS  analysis  did  not  afford  evidence  of  modification  compared  to  control 
samples.  This  may  be  due  to  re-organization  of  the  mobile  silicone  surface  molecular 
structure. 

For  the  second  series  of  gamma  modifications  (Table  4  .2),  the  HEMA/MPC 
system  again  produced  a  significant  decrease  (p=>  0.01,  n  =  3  samples  with  10  averaged 
measurements/sample)(reduction  of  35  °  to  42  °)  in  contact  angle  versus  its  control.  The 
MPC  samples  also  showed  a  significant  (p=>  0.05,  n  =  3  samples  with  10  averaged 
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measurements/sample)  reduction  in  average  contact  angle.  The  contact  angles  for  the 
MAA/MPC  (28°  to  32°)  lowered  in  comparison  to  unmodified  PDMS  (78  °),  but  did  not 
show  significant  reduction  with  respect  to  the  control  (37  °).  XPS  and  FTIR  spectra  were 
negative  for  evidence  of  modification.  Surprisingly,  the  MMA/MPC  and  MFC  PDMS 
controls  showed  a  great  increase  in  wettability  (37  °  and  48°,  respectively)  with  respect  to 
unmodified  PDMS 

(78  °).  The  combined  contact  angle  results  of  these  two  series  of  experiments  are  depicted 
in  Figure  4.2.  This  chart  indicates  that  the  surface  hydrophilicity  of  the  silicone  is 
increased  with  modification  in  all  these  systems. 


Table  4.1.  Listing  of  samples  and  contact  angle  resuhs  for  the  first  HEMA/MPC  and 


Sample 

Soak  Solution 

Gamma  Solution 

Avg.  Contact  Angle 

lA 

HEMA/MPC 

HEMA/MPC - 

44  ±6 

IB 

Water 

Water/Methanol 

40  ±6 

IC 

38  ±6 

Control  1 

Water 

Water/Methanol 

56  ±9 

Control  la 

74  +  8 

2A 

MAA/MPC 

MAA/MPC  -  Water 

38+12 

2B 

Water 

39  ±7 

2C 

39  +  7 

Control  2 

Water 

Water 

66  +  5 

Control  2a 

80  +  9 

3A 

HEMA/MPC 

HEMA/MPC - 

33  +  5 

3B 

Methanol 

Water/Methanol 

31  ±6 

3C 

32  ±  5 

3D 

MAA/MPC 

MAA/MPC - 

50  ±  5 

3E 

Methanol 

Water/Methanol 

35  +  5 

3F 

40  +  8 

Control  3 

Methanol 

Water/Methanol 

68  +  8 
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Table  4,2.  Samples  and  contact  angle  results  for  the  second  HEMA/MPC  and  MAA/MPC 


Cwfiwintn  Sk/iFtjfinn 

IVIXT  1 

rxoivLfV  ivj_r  v_/  - 

HFMA/MPr  - 

iviClilalliJl 

VV  aLCl/lVlCLliCl'ilL/l 

IVJJ.  1_7 

30  +  4 

Control  MH 

Methanol 

Water/Methanol 

70  +  7 

MMl 

MAA/MPC - 

MAA/MPC  -  Water 

28  +  4 

MM2 

Methanol 

29  ±6 

MM3 

32  ±4 

Control  MM 

Methanol 

Water 

37  ±7 

MPCl 

MPC- 

MPC  -  Methanol 

29  ±3 

MPC2 

Methanol 

31  +  5 

MPC3 

36  ±4 

Control  MPC 

Methanol 

Methanol 

48  +  3 

IB  HEMA/MPC 


C=00-H  stretch  for 
Cartx)xylic  acid  group 
ofHEMA. 


J 


Carbonyl  stretch 
for  HEMA  and 
MPC 

r-S 


V 


V 


2S00  2000 

Wavenumber  (cm-l) 


Figure  4.1  FTIR  spectrum  of  sample  IB.  HEMA/MPC  gamma  radiation  modified 
PDMS. 
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Contact  Angles  for  MM  A/MPC.  HEM  A/MPC  &  MFC  modified  PDMS 


Hema/        MAA/      Hema/  MAA/      Hema/  MAA/ 
MPC         MPC       MPC    MPC        MPC  MPC 

Figure  4.2.  Combined  contact  angle  results  for  silicone  modifications. 


%  s  s 

2    D  Q 

MPC 

Gamma  MPC  Modiflcation  of  PDMS 

Contact  angle  results  for  the  gamma  radiation  surface  graft  modification  of  PDMS 
with  MPC  for  the  conditions  presented  in  Table  4.3,  Table  4.4  and  Figure  4.3.  These 
results  show  some  variability  within  the  sample  sets  and  no  strong  evidence  of  reduced 
contact  angle  compared  to  the  controls.  The  exception  was  the  025-4  (P=  >0.01,  wrt 
control  3,  n  =  3  samples  with  10  averaged  measurements/sample)  (27°  to  29  °)  and  the 
05-7  series  (p=>  0.01,  n  =  3  samples  with  10  averaged  measurements/sample)  (37°  to 
55  °)  and  the  025-3  series  (p=>  0.05,  n  =  3  samples  with  10  averaged 
measurements/sample)  (30°  to  48  °).The  025-4  series  did  not  have  a  control,  but  gave  the 
lowest  contact  angles  and  lowest  standard  deviations.  This  was  the  sample  set  where  the 
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pre-soak  solution  was  used  for  the  gamma  radiation  polymerization  solution.  No  evidence 
of  modification  was  however  found  for  the  XPS  and  FTIR  data  for  these  samples. 


Table  4.3.  Conditions  and  contact  angle  results  for  MPC  surface  modification  of  PDMS 


Sample 

Condition 

Gamma  Solution 
MeOH:  H2O 

Contact  Angle  (degrees) 

Control  1 

1 

25:75 

69  +  14 

025-la 

47  ±8 

025-lb 

36  ±4 

025-lc 

86  +  3 

Control  2 

2 

50:50 

37  +  6 

025-2a 

28  +  7 

025-2b 

60±  11 

025-2C 

66  +  5 

Control  3 

3 

75:25 

55  ±7 

025-3a 

41+6 

025-3b 

30  +  3 

025-3C 

48  +  6 

025-4a 

4 

Pre-soak  solution 

29  ±3 

025-4b 

24  +  4 

025-4C 

27  +  7 

Control  5 

5 

25:75 

49  ±6 

05-5a 

33  +  5 

05-5b 

52  +  4 

05-5c 

61+8 

Control  6 

6 

50:50 

46  +  4 

05-6a 

40  +  9 

05-6b 

44  +  7 

05-6c 

40  +  5 

Control  7 

7 

75:25 

74  +  3 

05-7a 

47  +  5 

05-7b 

37  +  5 

05-7C 

55  +  5 
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For  the  MPC  gamma  radiation  surface  graft  modification  of  PDMS  in  DMSO 
solvent,  no  significant  reduction  in  contact  angle  was  seen  compared  to  the  controls.  No 
difference  was  noted  between  degassed  PDMS  and  non-degassed  PDMS  samples  XPS 
analysis  again  did  not  yield  data  for  surface  MPC. 


Figure  4.3.  Contact  angle  results  for  MPC  gamma  radiation  modification  of  PDMS  with 
MeOH/water  solvent. 
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Table  4.4  MPC  modification  of  PDMS  in  DMSO. 


Sample 

Soak/Gamma  Solution 

Contact  Angle  (degrees)* 

CI 

DMSO  /  degassed  PDMS 

73  ±3 

C2 

66±11,  74±  11 

C3 

65  ±  5,  62  ±  3 

C4 

70:30  DMSO  MeOH/ 
degassed  PDMS 

66  +  4,  62  ±  5 

C5 

91  +  5,86  +  6 

C6 

81  ±2,  63+3 

C7 

DMSO 

59  ±  4,  63  ±  9 

C8 

60  ±5,  75  ±4 

C9 

57  ±  4,  48  ±  3 

CIO 

70:30  DMSO:MeOH 

71  ±  10,  62  ±6 

Cll 

57  ±  13,  62  ±9 

C12 

65  ±3,  61  ±5 

Ml 

0.034  M  MPC  in  DMSO/ 
degassed  PDMS 

80  ±  5,  74  ±  4 

M2 

63  ±  3,  68  +  5 

M3 

59  ±  10,  60  +  8 

M4 

0.067  M  MPC  in  70:30 
DMSOMeOH/ 
degassed  PDMS 

62  ±  4,  70  +  7 

M5 

62  ±  6,  61  ±  4 

M6 

73  ±9 

M7 

0.034  M  MPC  in  DMSO 

75  ±3,  56  ±8 

MS 

74  ±  8,  48  ±  7 

M9 

71+4 

MIO 

0.067  M  MPC  in  70:30 
DMSOMeOH 

72  ±  8,  59  ±  6 

Mil 

58  ±5 

M12 

67  ±  3,  84  ±  5 

*Two  measurements  represent  two  sides  of  sample,  5  drops 


(10  measurements)  each  side. 
Two-Stage  Gamma  Graft  Modiflcation  of  PDMS 

For  the  first  stage  modification  of  the  two-stage  experiment,  the  two  systems  that 
showed  a  significant  reduction  in  contact  angle  over  the  control  sample  were:  The  MAA 
modification  (P=<0.001,  with  SM6  removed  by  Q-test,  n  =  7  samples  with  10  averaged 
measurements/sample)  (31°  to  39°  reducfion)  and  the  HEMA  modification  (P=<0.05, 
with  SH5  and  SH7  removed  by  Q-test,  n  =  7  samples  with  10  averaged 
measurements/sample)  (3°  to  18°  reduction).  These  resuhs  are  listed  in  Table  4.5. 
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FTIR  spectra  were  taken  for  the  samples  that  were  used  in  the  second  stage  modification. 
These  results  are  summarized  in  Table  4.6. 


Table  4.5.  Samples  and  contact  angle  results  for  first  stage  modifications  of  PDMS  by 


gamma  radiation  surface  graft  polymerization. 


iSample(s) 

Soak  Solution 

Gamma  Solution 

Gamma  Dose 
(Mrads) 

Contact  Angle 
(degrees) 

Control  1 

MeOH 

50:50  MeOH/HzO 

0.05 

31+5 

Control  lb 

27  +  6 

SHI 

20  v/v% 

10  vA'%  HEMA- 

0.05 

23+4 

SH2 

HEMA/  MeOH 

MeOH/HzO 

20  +  5 

SH3 

19  +  5 

SH4 

22+4 

SH5 

32  +  7 

SH6 

24  +  5 

SH7 

46+16 

SH8 

24  +  3 

Control  2 

MeOH 

H2O 

0.05 

57+12 

Control  2b 

61+9 

SMI 

20  v/v%  MAA/  MeOH 

5  v/v% 

0.05 

25  +  6 

SM2 

MAA/H2O 

18  +  4 

SM3 

20  +  3 

SM4 

24  +  3 

SMS 

26  +  6 

SM6 

34  +  8 

SM7 

24  +  5 

SMS 

31  +  10 

Control  3 

MeOH 

H2O 

0.10 

27  +  4 

Control  3b 

49+12 

SPl 

20  v/v%  NVP  /MeOH 

10  v/v% 

0.10 

30  +  7 

SP2 

NVP/H2O 

44  +  6 

SP3 

48+10 

SP4 

35  +  9 

SP5 

38  +  8 

SP6 

30  +  6 

SP7 

28  +  5 

SP8 

36  +  5 

Control  4b 

CHCI3 

MeOH/  H2O 

0.025 

63  +  5 

Control  4c 

70  +  5 

MPCl 

20  w/v  % 

10  w/v  %  MPC  in 

0.025 

71+7 

MPC2 

MPC  in  CHCI3 

MeOH/  H2O 

73+4 

MPC3 

72  +  7 

MPC4 

60  +  6 

MPC5 

71+4 

MPC6 

72  +  4 
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Table  4.6.  Samples  and  contact  angle  results  for  the  stage  two  MPC  modifications  of 
PDMS  by  gamma  radiation  surface  graft  polymerization  


Stage  1: 

Stage  2: 

Sample(s) 

Soak 
Solution 

Gamma 
Solution 

Gamma 

Dose 
(Mrads) 

FTIR  Results 

Contact 
Angle 
(degrees) 

Control  lb 

MeOH 

50:50 
MeOH/HjO 

0.05 

No  evidence 
of  mod. 

38±7 

Control  3 

MeOH 

H2O 

0.10 

No  evidence 
of  mod. 

35  ±8 

SH2 

20  v/v% 
HEMA 
MeOH 

10v/v% 
HEMA 
MeOH/HjO 

0.05 

Strong 

hydroxyl  & 
carbonyl 

20  ±2 

SMS 

20  v/v% 
MAA 
MeOH 

5  v/v% 
MAA 
H2O 

0.05 

Weak 
carbonyl 

24  +  8 

SM5 

No  evidence 
of  mod. 

22  ±7 

SP2 

20  v/v% 
NVP 

MeOH 

10v/v% 
NVP 

H2O 

0.10 

Strong 

carbonyl  & 
1425  cm-' 

24  +  5 
(44  +  6)* 

SP6 

Weak 
carbonyl 

33  ±3 
(33  ±  6)* 

MPC  1 

20  w/v% 
MPC 
CHCI3 

10  w/v% 
MPC 
MeOH/HjO 

0.025 

No  evidence 
of  mod. 

42  ±  12 
(71  +  7)* 

MPC  4 

No  evidence 
of  mod. 

46±  10 
(60  ±  6)* 

*  Stage  1  contact  angle  results. 


The  HEMA,  MAA  and  NVP  modified  samples  showed  evidence  of  modification 
by  FTIR,  but  no  significant  change  over  the  controls  was  seen  in  the  XPS. 

For  the  second  stage  modification  in  this  experiment,  the  systems  which  showed 
reduction  in  average  contact  angle  over  the  stage  one  measurements  were  SP2  (24  °)  and 
SP6  (33  °)  (NVP  modified);  MPCl  (42  °)  and  MPC4  (46  °).  No  statistical  comparisons 
could  be  made  since  the  sample  size  was  one.  FTIR  and  XPS  spectra  of  these  systems 
showed  no  change  fi-om  the  stage  one  samples. 


MPC/MMA  Copolymer  Modification  of  PDMS 

The  gamma  radiation  surface  graft  copolymer  modification  of  PDMS  with  MMA 

and  MMA/MPC  did  show  significant  reductions  in  the  average  contact  angles  (34  °  and 
32°,  respectively)  of  the  modified  samples  compared  to  the  controls  (P=<0.05  and 
P=<0.01,  respectively,  n  =  5  samples  with  10  averaged  measurements/sample).  As  seen 
in  Table  4.7,  the  average  reduction  in  contact  angle  was  the  same  for  the  MAA  and  the 
MAA/MPC  (average  of  34  °)  systems.  There  was  no  evidence  of  modification  in  the  XPS 
spectra  of  these  samples. 


Table  4.7.  Samples  and  contact  angle  results  for  MPC/MMA  copolymer  modification  of 
PDMS. 


Sample(s) 

Gamma 
Solution 

Contact  Angle 
(degrees) 

Control  1 

DMSO 

87±  11 

Control  2 

102  ±  15 

Control  3 

63  ±7 

Control  4 

67+  15 

Average 

Contact  Angle: 

70  +  28 

MMAl 

0.5  M  MMA 

32±  12 

MMA2 

in  DMSO 

30  ±7 

MM  A3 

40+  15 

MMA4 

29±  11 

MMA5 

43±  10 

Average 

Contact  Angle: 

34  ±12 

MPC/MMA  1 

0.5  M  MMA  & 

21  ±6 

MPC/MMAl 

0.2  M  MPC 

37±  10 

MPC/MMAl 

in  DMSO 

29  ±9 

MPC/MMAl 

39  ±9 

MPC/MMAl 

33  ±  9 

Average 

Contact  Angle: 

32+10 

1 
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Discussion  of  Gamma  Polymerization  of  Hydrogel  Monomers  on  PDMS 

These  experiments  for  gamma  radiation  modification  of  PDMS  have  shown  that  the 
gamma  radiation  graft  surface  polymerization  process  is  inherently  highly  variable  for 
PDMS.  This  may  be  due  to  inhomogeneities  in  the  PDMS  polymer  discs  introduced  in 
the  mixing  and  curing  stages  of  the  samples  preparation  or  floating  and  sample  alignment 
in  the  test  tube  during  irradiation.  However,  this  study  did  demonstrate  that. 

1.  PDMS  was  surface  modified  with  HEMA  by  gamma  radiation  surface  graft 
polymerization  with  some  variability  in  contact  angle. 

2.  PDMS  was  surface  modified  by  MAA  and  MPC,  but  characterization  of  these 
samples  by  XPS  and  FTIR  was  problematic.  This  may  be  due  to  the  strong  IR 
absorbance  of  PDMS,  the  low  XPS  sensitivity  for  nitrogen  and  phosphorous,  and 
the  tendency  of  silicone  surfaces  to  reorganize  in  different  environments  (ie. 
water  for  contact  angle  measurements  versus  high  vacuum  for  XPS  analysis). 

3.  PDMS  was  made  more  hydrophilic  by  gamma  irradiation  alone  in  methanolic 
solvents. 

An  interesting  aspect  of  gamma  initiated  polymerization  is  that  it  provides  a 
continuous  source  of  initiation  as  compared  to  chemical  initiation,  i.e.  AIBN  radical 
polymerization.  Gamma  initiation  will  therefore  uniquely  affect  the  molecular  weight  and 
molecular  weight  distribution  of  the  resultant  polymer.  Grumski^^  reported  gamma 
initiated  molecular  weights  much  higher  than  the  maximum  for  his  PEG  standards 
(850,000)  upon  GPC  analysis  of  bulk  gamma  polymerized  MPC.  Ishihara's  AIBN 
initiated  MPC-BMA  copolymers  gave  M„  =  1 .29  to  2.85  x  1 0^  PDI  =  1 .40  to  1 .68. 1 9  But 
Ishihara  does  not  report  molecular  weight  data  for  AIBN  initiated  polyMPC. 
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One  explanation  for  high  molecular  weights  for  polyMPC  could  be  the  alignment 
of  the  MPC  monomers  in  solution  due  to  molecular  association.  This  type  of  behavior  has 
been  reported  in  other  polymerizable  phospholipid  systems  due  to  their  amphiphilic  and 
amphiprotic  structure.  These  monomers  are  reported  to  form  vesicles  in  solution  and 
align  on  solid  substrates  to  enhance  their  polymerization  kinetics  in  both  solution  and  in 
the  solid  state.  90-93  jf  ^j^g  MPC  monomers  are  aligning  in  solution  prior  to  initiation,  the 
kinetics  of  polymerization  will  be  accelerated  due  to  the  reduction  of  diffijsion  control. 
The  rate  of  termination  reactions  should  also  be  reduced  by  this  phenomenon.  Also,  the 
pendent  phosphoryl  choline  groups  on  the  poly(MPC)  chain  can  associate  and  influence 
the  alignment  of  approaching  monomers  to  the  growing  chain  ends. 

Recent  work  in  the  Goldberg  research  group  has  shown  that  pH  of  aqueous 
systems  affects  the  rate  of  gamma  polymerization  and  surface  grafting.  It  is  suggested 
that  future  studies  include  the  determination  of  pH  effects  on  these  polymerizations. 

Electropolymerization  of  MPC  and  Silicone  Oligomers  on  Stainless  Steel 

Electropolymerization  of  Methacryoloxy-Terminated-Polydimethylsiloxane 
(MAOP)  Oligomer 

Contact  angle  and  XPS  results.  Table  4.8  shows  the  contact  angle  and  XPS 

results  for  the  MAOP  modification  of  stainless  steel.  These  results  indicate  that  MAOP 

electropolymerizes  onto  the  metal  surface.  A  wide  range  of  contact  angles  (20°  to  112  °) 

was  observed  apparently  related  to  the  combination  of  specific  solvent  and  reduction 

potential.  For  the  DMSO/TEAB  systems,  the  contact  angle  seemed  to  decrease  with 

increased  potential.  This  can  be  seen  when  comparing  samples  Plb  (1 12  °)  with  the  rest 
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of  the  DMSO/TEAB  samples  (20  °  to  66  °).  This  may  be  due  to  hydrolysis  of  the  silicone 
by  reaction  with  the  solvent  at  higher  potentials.  Otherwise,  no  clear  dependence  on  time, 
monomer  concentration  or  electrode  type  was  indicated. 

The  DMSO/NH4HSO4  system  showed  a  tendency  toward  lower  contact  angles 
with  an  increase  in  reaction  time.  Monomer  concentration  and  potential  did  not  seem  to 
have  an  effect,  though  no  low  potential  samples  were  run. 

SEM  Results.  The  SEM  results  (Figures  4.4  -  4.12),  indicate  that  the 
DMSO/NH4HSO4  samples,  in  gerneral,  gave  thicker  and  more  uniform  coatings  than  the 
DMSO/TEAB  samples.  Scratches  seen  in  these  micrographs  are  inflicted  upon  SEM 
sample  mounting  and  are  shown  to  give  a  perspective  as  to  the  coating  thickness.  This  is 
especially  evident  in  P4b  (Figure  4.7)  were  a  very  thick  coating  is  seen  compared  to  P5b 
(Figure  4.8),  P7  and  P7b  (Figures  4. 10, 4. 1 1)  where  thin  or  speckled  (non-uniform) 
coatings  were  seen.  This  speckled  appearance  could  also  be  associated  with  corrosive 
pitting  as  seen  in  P5b  (Figure  4.8). 

Plb  (Figure  4.4)  shows  a  very  uniform  surface  with  some  surface  roughness. 
Smooth,  uniform  coatings  are  seen  in  P2b,  P3b,  P4b  (Figures  4.5  to  4.7),  P6b  (Figure 
4.9),  and  P8b  (Figure  4.12).  The  5000x  micrographs  for  samples  P3b  and  P4b  give 
further  support  to  quality  of  this  coating.  In  Figure  4.7,  an  indention  caused  by  forceps  is 
shown  to  demonstrate  the  thickness  of  this  coating. 
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rable  4.8.  MAO] 

P  Experimental  Design/Resu 

ts. 

Vol  % 

1  Uliv 

(h) 

CLnlvpnf/Flprtrnlvt/ 

Electrode  (potential) 

Angle  0* 

XPS  Atomic 
%Si 

Observation 

PIK 

r  ID 

1 

6 

(-0.65  V) 

112  +  6 

29 

Clear,  thin  film. 

P2b 

1 

6 

lJIvlovJ/INri4rloVj4/ 
CASS  (-1.6  V) 

89+17 

24 

1 11111,  ClC^ill  ^VdUll^ 

on  both  sides. 

P3b 

1 

6 

(-1.3  V) 

42  +  3 

24 

1  nin,  cicdT  coaung 
on  both  sides 

P4b 

1 

24 

j-/JVii3i-//iNri4riov^4 
(-1.5  V) 

44+11 

27 

Clear,  thin  film. 

P5b 

5 

6 

(-1.0  V) 

71+4 

20  +  2 

5 

TTiiti  plpiir  rr^Qtitny 

1 11111,  UlWiU  VV/ullll^ 

with  brown  tinge. 

P6b 

5 

6 

l-/lV10\_//iNri4JlOW4 

(-1.65  V) 

70  +  1  1 

/V  '11 

84+10 

27 

Clear,  thin  film. 

P7 

20 

24 

(-0.7  V) 

66  +  13 

29 

Clear,  thin  film. 

P7b 

5 

24 

DMSO/TEAB 
(-0.6  V) 

36  +  7 

19 

Clear,  thin  film. 

P8b 

5 

24 

DMSO/NH4HSO4/ 
CASS  (-1.0  V) 

35+2 
29  +  6 

23 

Thin,  clear  coating 
on  both  sides 

*Two  measurements  represent  two  sides  of  sample. 
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Figure  4.4.  SEM  micrographs  of  sample  Plb  at  magnification  of  500x.  MAOP  coated 
stainless  steel  (1  vol  %  MAOP,  DMSO/TEAB,  plain  electrode,  -0.65  V,  6  h). 


Figure  4.5.  SEM  micrographs  of  sample  P2b  at  magnification  of  500x.  MAOP  coated 
stainless  steel  (1  vol  %  MAOP,  DMSO/NH4HSO4,  CASS  electrode,  -  1 .6  V,  6  h). 


Figure  4.6.  SEM  micrographs  of  sample  P3b  at  magnifications  of  500x  and  5000x. 
MAOP  coated  stainless  steel  (1  vol  %  MAOP,  DMSO/TEAB,  CASS  electrode,  -1.3  V, 
6h). 
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Figure  4.7.  SEM  micrographs  of  sample  P4b  at  magnifications  of  500x  and  5000x. 
MAOP  coated  stainless  steel  (1  vol  %  MAOP,  DMSO/NH4HSO4,  plain  electrode,  -1.5  V, 
24  h). 
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Figure  4.8.  SEM  micrographs  of  sample  P5b  at  magnification  of  500x.  MAOP  coated 
stainless  steel  (5  vol  %  MAOP,  DMSO/TEAB,  CASS  electrode,  -1.0  V,  6  h). 


Figure  4.9.  SEM  micrographs  of  sample  P6b  at  magnification  of  500x.  MAOP  coated 
stainless  steel  (5  vol  %  MAOP,  DMSO/NH4HSO4,  plain  electrode,  -1.65  V,  6  h). 
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Figure  4.10.  SEM  micrographs  of  sample  P7  at  magnification  of  500x.  MAOP  coated 
stainless  steel  (20  vol  %  MAOP,  DMSO/TEAB,  plain  electrode,  -0.7  V,  24  h). 


Figure  4.11.  SEM  micrographs  of  sample  P7b  at  magnification  of  500x.  MAOP  coated 
stainless  steel  (5  vol  %  MAOP,  DMSO/TEAB,  plain  electrode,  -0.6  V,  24  h). 
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Figure  4.12.  SEM  micrographs  of  sample  P8b  at  magnifications  of  500x  and  5000x. 
MAOP  coated  stainless  steel  (5  vol  %  MAOP,  DMSO/NH4HSO4,  CASS  electrode, 
-1.0  V,  24  h). 
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Electropolymerization  of  Vinylmethoxysiioxane  (VMS)  Oligomer 

Contact  angle  and  XPS  results.  The  results  of  this  study,  as  shown  in  Table  4.9 
and  4. 10,  indicate  that  the  main  problem  with  the  electropolymerization  of  VMS  was  lack 
of  good  adhesion  of  the  films  to  the  substrate. 

The  MeOH/TEAB  (VMS  3,  VMS  5)  and  MeOH/NH4HS04  (VMS  2,  VMS  8) 
systems  provided  the  best  results  with  respect  to  film  coating  observations  and  contact 
angles.  The  VMS  9  sample  was  run  in  95  %  MeOH/HiO  to  see  if  an  increase  in  the 
solvent  polarity  would  improve  coating  with  respect  to  sample  VMS  8  (run  in  100% 
MeOH).  However  this  change  in  solvent  polarity  did  not  show  improve  the  uniformity  of 
the  coating.  Sample  VMS  3  exhibited  a  lack  of  throwing  power  by  only  showing  coating 
on  one  side  of  the  electrode 

For  DMSO/  NH4HSO4,  (VMS  4,  VMS  6)  gave  a  patchy  coating  at  5  vol  % 
monomer  and  bulk  polymerized  with  an  increase  in  monomer  concentration. 

The  DMSO/TEAB  system  (VMS  1,  VMS  7,  VMS  7b  and  VMS  10)  showed  thick 
coatings  that  had  a  tendency  to  peel  when  the  solvent  was  changed  from  MeOH  to  water 
or  chloroform.  The  reduction  in  potential  between  samples  VMS  7  and  VMS  7b  showed 
a  decrease  in  film  thickness.  Comparison  of  VMS  1  and  VMS  10  shows  that  an  increase 
in  time  translates  into  film  which  are  thick,  patchy  and  flake  more  easily.  This  may  be 
due  to  uneven  film  growth. 

XPS  results  show  that  several  of  the  samples  show  low  atomic  %  Si.  This  may  be 
due  to  the  loss  of  film  due  to  extraction.  This  reiterates  the  problem  of  adhesion  in  this 
system. 

SEM  results.  The  SEM  micrographs  for  the  electropolymerized  VMS  samples 
are  shown  in  Figures  4.13  to  4.22.  The  morphology  shown  in  these  figures  supports  the 
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observations  made  above.  Some  interesting  additions  are  that  the  film  portion  of  VMS  4 
(Figure  4. 16,  x500)  appears  to  be  very  uniform,  though  rough  textured.  This  system  may 
show  some  promise  with  better  adhesion. 

By  far  the  most  interesting  morphology  was  seen  in  Figure  4.19  for  VMS  7b  (20 
vol  %  monomer  in  DMSO/TEAB  for  24h  at  -0.55  V).  These  micrographs  show  a 
spherical  growth  morphology.  This  is  very  different  than  the  growth  morphology  shown 
in  the  other  samples  including  the  ones  for  the  same  solvent/electrolyte  system  (VMSl 
and  VMS  7).  The  main  difference  between  this  sample  and  the  others  is  that  it  was  run 
at  a  potential  of  -  50  %  of  that  of  VMS  1  and  VMS  7.  This  unique  morphology  maybe 
the  results  of  a  relatively  slow  initiation  rate.  The  initial  amperage  was  significantly  lower 
for  VMS  7b  than  for  VMS  7  (0.0022  mA  versus  1 . 1  mA,  respectively). 

Rough  surface  textures  for  many  of  these  coatings,  some  of  which  have  thick, 
flaky  layers  over  an  underlying  smooth  layer.  This  may  be  best  seen  for  VMS  2  (Figure 
4. 14),  VMS  9  and  VMS  10  (Figures  4.21  and  4.22).  This  could  indicate  a  different 
growth  mechanism  after  the  first  layer  is  deposited  onto  the  electrode  surface,  at  which 
time  the  current  density  drops  and  the  rate  of  initiation  becomes  much  slower.  VMS  3 
(Figure  4.15),  VMS  5,  VMS  7  and  VMS  8  (Figures  4. 1 7  -  4. 1 9)  all  show  smooth  uniform 
coatings,  though  the  VMS  7  sample  has  a  lot  of  debris  (artifact?)  visible. 
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Table  4.9.  VMS  Experimental  Design/Results: 


Expt. 

Monomer 

Vol% 

Time 
(h) 

Solvent/ Electrofyte 
(potential) 

Contact 
Angle  n 

Observation 

VMS  1 

5 

6 

DMSO/TEAB 
(-1.0  V) 

Not 
measurable 

Thick,  uniform  film.  Not 
adhesive. 

VMS  2 

5 

6 

MeOH/NH4HS04 
(-1.6  V) 

25  +  10 

Thick,  but  flaky. 

VMS  3 

5 

24 

MeOH/TEAB 
(-1.0  V) 

28  +  7 

Light  opaque  white  film  on 
one  side.     Uniform,  yet 
patchy. 

VMS  4 

5 

24 

DMSO/NH4HSO4 
(-1.4  V) 

Film  30  +  8 
Metal  24  + 

Both  sides  coated  with 
patchy,  opaque,  white  film. 

VMS  5 

20 

6 

MeOHATEAB 
(-1.0  V) 

37  +  13 

Light  clear  film 

VMS  6 

20 

6 

DMS0/>fR,HS04 
(-1.4  V) 

Bulk  Polymerization 

VMS  7 

20 

24 

DMSO/TEAB 
(-1.2  V) 

Not 
measurable 

Very  thick  white  coating 
on  both  sides  which  came 
off  when  sample  was  put 
into  chloroform. 

VMS  7b 

20 

24 

DMSO/TEAB 
(-0.55  V) 

29  +  4 

Thick,  patchy,  SEM  shows 
spherical  microstructure. 

VMS  8 

20 

24 

MeOH/NH4HS04 
(-1.25  V) 

24  +  4 

Great  film,  thin  white,  yet 
visible.  Stable  to  MeOH, 
but  came  off  in  water. 

VMS  9 

20 

24 

MeOH  (95%)/ 
NHiHSO^ 
(-1.6  V) 

19  +  3 

Thick,  patchy,  flaky 

VMS  10 

5 

24 

DMSO/TEAB 
(-1.2  V) 

Not 
measurable 

Thick,  patchy,  flaky 

Table  4.10.  XPS  results  for  VMS  on  stainless  steel. 

,  ,  Atomic  Percent 


Si2p 

Cls 

OlS 

Cr2p3 

Fe2p3 

VMS  1 

26 

32 

32 

0 

0 

VMS  2 

7 

47 

41 

5 

0 

VMS  3 

20 

47 

33 

0 

0 

VMS  4 

17 

50 

33 

0 

0 

VMS  5 

21 

48 

32 

0 

0 

VMS  7 

18 

47 

35 

0 

0 

VMS  7b 

23 

47 

30 

0 

0 

VMS  8 

6 

58 

36 

0 

0 

VMS  9 

14 

46 

37 

3 

0 
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Figure  4.13.  SEM  micrographs  of  sample  VMS  1  at  magnification  of  500x.  VMS  coated 
stainless  steel  (5  vol  %  VMS,  DMSO/TEAB,  plain  electrode,  -1.0  V,  6  h). 


Figure  4.14.  SEM  micrographs  of  sample  VMS  2  at  magnification  of  lOOx.  VMS  coated 
stainless  steel  (5  vol  %  VMS,  DMSO/NH4HSO4,  plain  electrode,  -1.0  V,  6  h). 
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Figiire  4.15.  SEM  micrographs  of  sample  VMS  3  at  magnification  of  500x.  VMS  coated 
stainless  steel  (5  vol  %  VMS,  MeOH/TEAB,  plain  electrode,  -1.6  V,  24  h). 


Figure  4.16.  SEM  micrographs  of  sample  VMS  4  at  magnifications  of  500x  and  5000x. 
VMS  coated  stainless  steel  (5  vol  %  VMS,  MeOH/NH4HS04,  plain  electrode, 
-1.4  V,  24  h). 
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Figure  4.17.  SEM  micrographs  of  sample  VMS  5  at  magnification  of  500x.  VMS  coated 
stainless  steel  (20  vol  %  VMS,  MeOH/TEAB,  plain  electrode,  -1.0  V,  6  h). 


Figure  4.18  SEM  micrographs  of  sample  VMS  7  at  magnification  of  500x.  VMS  coated 
stainless  steel  (20  vol  %  VMS,  DMSO/NH4HSO4,  plain  electrode, 
-1.4  V,  24  h). 
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Figure  4.19.  SEM  micrographs  of  sample  VMS  7b  at  magnification  of  500x.  VMS 
coated  stainless  steel  (20  vol  %  VMS,  DMSO/TEAB,  plain  electrode,  -0.55  V,  24  h) 


Figure  4.20.  SEM  micrographs  of  sample  VMS  8  at  a  magnification  of  500x.  VMS 
coated  stainless  steel  (20  vol  %  VMS,  MeOH/NH4HS04,  plain  electrode,  -1.5  V,  24  h). 
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Figure  4.21.  SEM  micrographs  of  sample  VMS  9  at  magnification  of  500x.  VMS  coated 
stainless  steel  (20  vol  %  VMS,  MeOH  (95  %)/NH4HS04,  plain  electrode,  -1.6  V,  24  h). 


Figure  4.22.  SEM  micrographs  of  sample  VMS  10  at  magnification  of  lOOx.  VMS 
coated  stainless  steel  (5  vol  %  VMS,  MeOH/TEAB,  plain  electrode,  -1.2  V,  24  h). 
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Electropolymerization  of  VMS  on  Electrodes  Coated  with  Coupling  Agent 

Contact  angle  and  XPS  results.  Table  4. 1 1  shows  the  results  of  the  VMS 
electropolymerization  experiments  using  the  coupling  agent  modified  stainless  steel 
(CASS)  electrodes.  These  results  show  a  general  improvement  in  film  adhesion.  The 
contact  angles  for  these  films  were  low  (17°  to  46°)  and  show  the  hydrophilicity  of  this 
oligomer  is  generally  greater  than  that  of  the  MAOP  oligomer  (contact  angles  of  21°  to 
112°). 

The  DMSO/NH4HSO4  system  resuhed  previously  in  bulk  polymerization  of  VMS 
and  therefore  this  system  was  not  considered  viable  for  an  industrially  applicable  coating 
system.  Though  bulk  polymerization  does  prove  that  this  monomer  is  polymerizing  under 
these  conditions. 

The  DMSO/TEAB  system  provided  coatings  at  both  monomer  concentrations. 
CVl  (5  vol  %  VMS)  and  CV7  (20  vol  %  VMS)  did  not  indicate  an  increase  in  film 
thickness  with  an  increase  in  monomer  concentration.  CV7  (-0.65  V)  andCV9  (-0.65  V) 
indicated  a  better  film  formation  occurred  with  a  decrease  in  potential  compared  to  CVl 
(-1.0  V).  Though  these  samples  had  about  the  same  atomic  %  Si  (22  and  23  %, 
respectively)  by  XPS,  their  SEMs  showed  very  different  morphologies.  CV9  (Figure 
4.28)  resembles  the  start  of  the  same  spherical-type  growth  pattern  exhibited  by  VMS  7b 
(Figure  4. 19).  CV9  and  VMS  7b  were  run  under  the  same  conditions  of  solvent/ 
electrolyte,  time  and  oligomer  concentration,  but  the  potenfial  for  CV9  was  O.IV  more 
negative  and  this  translated  into  an  initial  amperage  ten  times  higher  (0.023  mA).  The 
spherical  "bubbly"  morphology  could  also  be  related  to  increased  hydrophilicity  of  the 
growing  polymer  chain  with  respect  to  the  DMSO  solvent  or  the  presence  of  vesicles  or 
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droplets  of  monomer  in  the  solvent  that  adsorb  and  then  initiate  on  the  metal  surface.  The 
presence  of  the  coupling  agent  could  also  have  influenced  the  growth  pattern.  These 
samples  give  an  insight  into  the  subtle  complexity  of  electropolymerization,  especially  as 
it  applies  to  a  coating  process. 

The  MeOH/NH4HS04  solvent/electrolyte  indicated  an  increase  in  coating 
thickness  is  related  to  an  increase  in  oligomer  concentration  and  time.  CV2  (5  vol  % 
VMS  and  6  h)  had  a  much  lighter  coating  than  CVS  (20  vol  %  VMS  and  24  h)  and  CVIO 
(5  vol  %  and  24h),  CVIO  showing  oxidation. 

MeOH/TEAB  was  only  used  for  one  condition,  CVS,  which  provided  a  thick, 
patchy  coating. 

SEM  results.  Figure  4.23  (CV  1)  shows  a  smooth,  yet  thin  surface  coating.  The 
rest  of  the  coatings  provided  varied  surface  morphologies.  CV2  (Figure  4.24)  shows  what 
may  have  been  a  smooth  coating  that  became  wrinkled  upon  drying.  CV  5  (Figure  4.25) 
also  depicts  a  smooth,  thick  coating  that  is  exhibiting  cracking  which  may  also  be  due  to 
drying.  Samples  CV  7  and  CV  8  (Figures  4.26  and  4.27)  show  thick  flaky  coatings  over 
thin  uniform  coatings.  Figure  4.28  shows  that  the  conditions  for  CV  9  produced  a  rough 
surface  that  under  high  magnification  (SOOOx)  shows  an  interesting  droplet-type  structure. 
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Table  4  11.  Coupling  agent 


coated  electrodes  &  VMS,  experimental  design  and  results 


Expt. 

Monomer 
Vol  % 

Time 

Solvent/ 
(potentials) 

Contact 

XPS 
/\ioniic 
%Si 

Observation 

CVl 

5 

6 

DMSO/TEAB 

/in  \A 
(-1.0  V) 

♦ 

28 

Thick,  patchy  film. 

CV2 

5 

6 

MeOH/NH4HS04 
(-1.2  V) 

17  +  3 
21+5 

27 

Uniform  coverage,  non- 
uniform thickness, 
"speckled" 

CV5 

20 

24 

MeOH/TEAB 
(-1.0  V) 

34+16 
46  +  9 

29 

Clear,  patchy  coating. 

L.  V  / 

24 

DMSO/TEAB 
(-0.65  V) 

27  +  3 

28  +  6 

23 

Coating  white  and 
fairly  heavy.  Uniform 
with  few  small  patches. 

CVS 

20 

24 

MeOH/NH,HS04 
(-1.25  V) 

25  +  10 
32  +  16 

23 

Fairly  uniform  white 
coating,  some  clumps. 

CV9 

5 

24 

DMSO/TEAB 
(-0.65  V) 

20  +  2 
23+4 

22 

Excellent  film.  White, 
uniform  on  both  sides. 
No  climips  or  patches. 

CVIO 

5 

24 

MeOH/NHiHSO^ 
(-1.2  V) 

Not 
measured 

Not 
measured 

Thick  film,  clumpy  and 
brown  (o>ddized). 

*Film  too  thick  to  measure.  **Two  measurements  represent  two  sides  of  sample. 
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Figure  4.23.  SEM  micrographs  of  sample  CVl,  VMS  on  CASS  electrode,  at 
magnification  of  500x  (5  vol  %  VMS,  DMSOATEAB,  -1.0  V,  6  h). 


Figure  4.24.  SEM  micrographs  of  sample  CV2,  VMS  on  CASS  electrode,  at 
magnification  of  500x  (5  vol  %  VMS,  MeOH/NH4HS04,  -1.2  V,  6  h). 
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Figure  4.26.  SEM  micrographs  of  sample  CV7,  VMS  on  CASS  electrode,  at 
magnification  of  500x  (20  vol  %  VMS,  DMSO/TEAB,  -0.65  V,  24  h). 
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Figure  4.27.  SEM  micrographs  of  sample  CVS,  VMS  on  CASS  electrode,  at 
magnifications  of  500x  and  5000x  (20  vol  %  VMS,  MeOH/NH4HS04,  -1.25  V,  24  h). 


Figure  4.28.  SEM  micrographs  of  sample  CV9,  VMS  on  CASS  electrode,  at 
magnifications  of  500x  and  5000x  (5  vol  %  VMS,  DMSOAfEAB,  -0.65  V,  24  h). 
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Electropolymerization  of  Methacroylphosphorylcholine  (MPC)  Monomer 

Contact  angle  and  XPS  results.  The  results  of  the  MPC  modification  of  stainless 
steel  were  very  promising.  As  seen  in  Table  4.12,  most  of  the  samples  exhibited 
relatively  high  atomic  percentage  of  phosphorus.  A  pure  control  MPC  film  run  on  the 
same  instrument  gave  an  atomic  %  P  =  4.56  (theoretical  is  5.55  %)  at  a  binding  energy  of 
1 3 1 .85  eV.  In  general,  the  contact  angles  for  these  samples  are  all  very  low  (1 5  °  to  26  °), 
even  when  no  phosphorus  is  detected  by  XPS.  It  may  be  that  these  films  are  too  thin  to 
have  a  bulk  concentration  within  the  sensitivity  of  the  XPS  for  phosphorous. 

The  DMSO/TEAB  system  (Ml  and  M7)  showed  no  phosphorous  by  XPS,  but  did 
exhibit  extremely  low  contact  angles  (24  °).  It  is  interesting  that  the  contact  angle  was  the 
same  for  both  of  these  samples,  though  the  M7  system  was  run  at  twice  the  MPC 
concentration  (2g  /  50  ml)  and  time  (24  h).  Samples  M4  and  M6  exhibited  bulk 
polymerization,  which  has  been  shown  to  be  a  problem  with  the  DMSO/NH4HSO4 
system. 

The  samples  run  in  MeOH/TEAB  showed  good  atomic  %  P  at  all  conditions 
except  M5b  (0  atomic  %  P).  All  these  samples  showed  very  low  contact  angles  (16  °  to 
32  °).  These  films  were  translucent  but  uniform.  This  is  supported  by  the  low  standard 
deviations  in  the  contact  angle  measurements.  No  significant  improvement  in  results  with 
increased  MPC  concentration  was  seen  as  demonstrated  by  M3b  (Ig  /  50  ml,  24  h,  2.2 
atomic  %  P)  compared  to  M5  and  M5c  (2  g  /  50  ml,  24  h,  2.7  and  1 .2  atomic  %  P, 
respectively).  The  samples  of  M5b  and  M5c  show  that  there  is  large  variability  in  atomic 
%  P  (0  and  2. 1  %,  respectively)  between  duplicate  samples. 
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M2  and  M2c  (6h)  versus  M2b  (24  h)  showed  a  dependence  on  time  of 
polymerization  between  6  and  24  hours  in  MeOH/NH4HS04.  The  increase  in  atomic  %  P 
between  M2  (1  g  /  50  ml,  6  h,  1 .8  %  P)  and  M8  (2  g  /  50  ml,  24  h,  3.5  %  P)  could  be  due 
to  increased  time  or  monomer  concentration,  but  M2b  (1  g  /  50  ml,  24  h,  1.3  %  P)  versus 
M2c  (1  g  /  50  ml,  6  h,  0  %  P)  in  comparison  to  M8b  (2  g  /  50  ml,  24  h,  1 .3  %  P)  seems  to 
indicate  a  time  dependence  instead  of  a  monomer  concentration  dependence  on  the 
atomic  %  P  in  the  resulting  polymer  film. 

The  difference  between  the  samples  that  were  dried  prior  to  extraction  and  those 
that  were  not  dried  is  non-conclusive.  Some  systems  showed  a  decrease  in  atomic  %  P 
and  some  systems  showed  an  increase. 

Sweep  experiments  were  conducted  by  sweeping  the  applied  voltage  from  0  to  -2 
V  at  30  mV/sec  and  back.  This  study  showed  improvement  in  atomic  %  P  for  M5b  versus 
M5b  sweep  (0  %  vs.  2.1  %),  but  no  difference  for  M3b  versus  M3b  sweep  (2.2  %  and  2.7 
%)  and  the  M8b  versus  M8b  sweep  (1.3  %  each)  samples. 

SEM  results.  Figures  4.29  to  4.43  show  the  SEM  micrographs  for  the  MPC 
coating  experiments.  The  most  striking  resuh  is  shown  in  Figure  4.29  for  Ml 
(DMSO/TEAB,  where  corrosion  pits  are  evident  on  this  sample.  Sample  M7  (Figure 
4.40)  does  not  show  signs  of  corrosion  for  the  same  solvent/electrolyte  system.  Ml  was 
run  at  a  higher  potential  (-1.4  V)  than  M7  (-1.0  V),  though  both  had  an  initial  current  of 
0.015  mA.  M7  had  twice  the  monomer  concentration  than  Ml,  which  could  have 
provided  a  protective  mechanism  for  the  substrate.  Though  none  of  the 
electrolyte/solvent  controls  showed  signs  of  corrosion  for  this  solvent  system. 
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There  does  seem  to  be  a  difference  in  morphology  between  some  of  the  dried 
samples  and  there  non-dried  analogues.  Samples  M2,  M3,  M4,  M5  and  M6  all  show  a 
linear  striation  in  their  surface  morphology  (Figures  4.30, 4.32,  4.35, 4.36  and  4.39)  This 
striated  morphology  is  not  evident  for  samples  M2b,  M3b  orMSb  (Figures  4.31,  4.33  and 
4.37). 


ExpL 

MPC 
g/50ml 

rune 
(h) 

Solvent/ 
Electrolyte 

Contact 
Angle 

/■"> 
I  y 

XPS: 
Atomic 

/O  r 

Observation 

Ml 

1 

6 

DMSO/TEAB 
(-1.4  V) 

24  +  4 

0 

No  visible  film. 

M2 

1 

6 

(-1.3  V) 

15  +  2 

1.8 

uiuioiiii  iiim  on  ooin 
sides. 

M3 

1 

24 

MeOH/TFAR 
(-1.4  V) 

17  +  3 

1.4 

No  visible  film. 

M4 

1 

24 

(-1.4  V) 

15  +  2 

1.6 

Bulk  Polymerization 

M5 

2 

24 

(-1.2  V) 

16  +  4 

2.7 

No  visible  film. 

M5c 

2 

24 

MeOH/TFAR 
(-1.2  V) 

19  +  3 

1.2 

No  visible  film. 

M6 

2 

6 

DMSO/NH .  HSn^ 
(-1.8  V) 

17  +  3 

1.2 

Bulk  Pohmerization 

M7 

2 

24 

(-1.0  V) 

24  +  7 

0 

Light,  patchy,  clear  film 

M8 

2 

24 

(-1.1  V) 

15  +  3 

3.5 

No  \'isible  film. 

NOD- 

M2b 

1 

24 

MeOH/NH,HS04 
(-1.3  V) 

16  +  2 
15  +  2 

1.3 

Visible  white  film, 
uniform  coating 

M2c 

1 

6 

MeOH/NH4HS04 
(-1.3  V) 

16  +  2 
15+2 

0 

No  visible  film. 

M3b 

1 

24 

MeOH/TEAB 
(-1.3  V) 

19+6 
19  +  5 

2.2 

No  visible  film. 

M3b 
Sweep 

1 

24 

MeOH/TEAB 
(0  to -1.7  V) 

22  +  5 
17  +  4 

1.1 

No  visible  film. 

M5b 

2 

24 

MeOH/TEAB 
(-1.2  V) 

20  +  5 
17  +  5 

0 

No  \isible  film. 

M5b 
Sweep 

2 

24 

MeOH/TEAB 
(0  to -1.6  V) 

32  +  3 
26  +  4 

2.1 

No  visible  film. 

M8b 

2 

24 

MeOH/NR4HS04 
(-1.3  V) 

20  +  2 
18  +  1 

1.3 

No  visible  film. 

M8b 
Sweep 

2 

24 

MeOH/NH,HS04 
(0  to -1.3  V) 

20  +  2 
17  +  3 

1.3 

No  visible  film. 

Figure  4.29.  SEM  micrographs  of  sample  Ml,  MPC  on  SS  electrode  at  magnifications  of 
lOOx,  500x  and  5000x  (Ig  MPC  /  50  ml.,  DMSO/TEAB,  -1.4  V,  6h). 
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Figure  4.30.  SEM  micrographs  of  sample  M2,  MPC  on  SS  electrode  at  magnification  of 
500x  (Ig  MPC  /  50  ml.,  MeOH/NH4HS04,  -1.3  V,  6h). 


Figure  4.3 1 .  SEM  micrographs  of  sample  M2b,  MPC  on  SS  electrode  at  magnification  of 
500x  (Ig  MPC  /  50  ml.,  MeOH/NH4HS04,  -1.3  V,  24h). 
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Figure  4.33.  SEM  micrographs  of  sample  M3b,  MPC  on  SS  electrode  at  magnification  of 
500x  (Ig  MPC  /  50  ml.,  MeOH/TEAB,  -1.3  V,  24h). 
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Figure  4.34.  SEM  micrographs  of  sample  M3b  sweep,  MFC  on  SS  electrode  at 
magnification  of  500x  (Ig  MFC  /  50  ml.,  MeOH/TEAB,  0  to  -1.7  V,  24h). 


Figure  4.35.  SEM  micrographs  of  sample  M4,  MFC  on  SS  electrode  at  magnification  of 
500x  (Ig  MFC  /  50  ml.,  DMSO/NH4HSO4,  -1.4  V,  24h). 
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Figure  4.37.  SEM  micrographs  of  sample  M5b,  MPC  on  SS  electrode  at  magnification  of 
500x  (2g  MPC  /  50  ml.,  MeOH/TEAB,  -1.2  V,  24h). 
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Figure  4.38.  SEM  micrographs  of  sample  M5b  sweep,  MPC  on  SS  electrode  at 
magnification  of  500x  (2g  MPC  /  50  ml.,  MeOH/TEAB,  0  to  -1.6  V,  24h). 


Figure  4.39.  SEM  micrographs  of  sample  M6,  MPC  on  SS  electrode  at  magnification 
500x  (2g  MPC  /  50  ml.,  DMSO/NH4HSO4,  -1.8  V,  6h). 
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Figure  4.41.  SEM  micrographs  of  sample  M8,  MPC  on  SS  electrode  at  magnification  of 
500x  (2g  MPC  /  50  ml.,  MeOH/NH4HS04,  -1.1  V,  24h). 
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Figure  4.42.  SEM  micrographs  of  sample  M8b,  MPC  on  SS  electrode  at  magnification  of 
500x  (2g  MPC  /  50  ml.,  MeOH/NH4HS04,  -1.1  V,  24h). 


Figure  4.43.  SEM  micrographs  of  sample  M8b  sweep,  MPC  on  SS  electrode  at 
magnification  of  500x  (2g  MPC  /  50  ml.,  MeOH/NH4HS04,  0  to  -1.3  V,  24h). 
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Electrochemical  Copolymerization  of  Silicone  Oligomers  with  MFC 

Conditions  for  the  copolymer  experiments  were  chosen  to  optimize  for  the  MPC 
monomer.  This  was  to  increase  the  MPC  concentration  in  the  coating.  MPC 
concentration  was  held  constant  while  the  silicone  oligomer  concentration  was  varied 
between  two  levels. 
VMS  -  MPC  copolymer 

Contact  angle  and  XPS  results.  These  films  showed  the  expected  results  with 
respect  to  contact  angle,  ranging  between  15  °  and  33  °  (Table  4.13),  with  the  contact 
angles  falling  in  the  range  of  the  VMS  and  MPC  coated  samples.  Two  sets  of  samples 
(VMl,  VMlb  &  VM2,  VM2b)  exhibited  oxidation  with  an  increased  reaction  time  (6  to 
14  h.  This  was  surprising  in  that  neither  VMS  nor  MPC  showed  a  tendency  towards 
oxidation  in  previous  experiments. 

There  was  not  clear  difference  between  using  a  plain  versus  a  coupling  agent 
coated  (CASS)  electrode,  with  respect  to  contact  angle  or  atomic  %  P.  VM2  and  VM2b 
(CASS)  versus  VM2c  (plain)  showed  a  decrease  in  atomic  %  P  (0.5,  0,  and  1 .4  %  P, 
respectively).  VM3  (plain)  and  VM3b  (CASS)  demonstrated  the  opposite  behavior  (0.4 
and  1 .3  %  P,  respectively). 

The  MeOH/NH4HS04  system  showed  an  expected  decrease  in  film  atomic  %  Si 
content  with  a  decrease  in  solution  VMS  oligomer  concentration  (4  to  15  %  Si  at  2.5  ml 
VMS  and  2  to  6  %  Si  at  0.5  ml  VMS).  Though  the  MPC  content  of  the  films  did  not 
increase  significantly  with  decrease  in  VMS  concentration.  This  may  indicate  a  much 
higher  reactivity  rate  for  the  VMS  over  MPC.  This  correlates  with  the  results  seen  in  the 
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oligomer/monomer  studies,  where  VMS  produced  much  thicker  coatings  for  all 
conditions  in  comparison  to  MPC. 

SEM  results:  Figures  4.44  to  4.51  shows  the  SEM  micrographs  from  the 
VMS/MPC  copolymer  study.  The  micrographs  of  VMl  (6  h)  and  VMlb  (14  h)  (Figures 
4.44  and  4.45)  show  an  interesting  growth  pattern  that  would  be  expected  to  further 
converge  growth  regions  and  form  coherent  films  with  increased  reaction  time.  The 
presence  of  oxidation  in  VMlb  with  increased  time  may  indicate  that  a  step-down  in 
voltage  with  time  may  be  needed  to  optimize  film  growth.  This  would  significantly 
increase  coating  time.  This  same  growth  pattern  is  seen  in  Figures  4.45  and  4.46  for  VM2 
and  VM2b.  Here,  an  increase  in  film  coverage  with  reaction  time  (6  to  14  h)  is  obvious. 
VM2c  (Figure  4.47)  shows  a  different  morphology  on  its  surface  that  may  be  influence 
by  the  plain  electrode  (VM2  and  VM2b  used  CASS  electrodes).  This  sample  showed  a 
significant  increase  in  atomic  %  P  (1.4  %).  The  VMS  series  (Figure  4.48  to  4.49)  and  the 
VM4  sereis  (Figure  4.50  to  4.51)  show  a  similar  surface  morphology  to  VM2c.  This 
seems  to  correlate  with  a  decrease  in  the  atomic  %  Si  content  of  the  film,  indicating  that 
the  film  growth  seen  in  VMl,  VM2  &  VM2b  is  dominated  by  the  VMS  polymerization. 
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Table  4. 13:  Results  of  VMS  -  MPC  copolymer  experiments. 


ExpL 

MPC/VMS 

Jane 
(h) 

Solvent/Electrctyte/ 
electrode  type 
(potenAd) 

C/O/Si/P 

Contact 
Angle  (T 

ObservaAon 

VMl 

2g/2.5ml 

6 

MeOH/NHiHSOV 
CASS  (-1.3V) 

55/34/8/1 

18  +  4 
16  +  2 

Thin,  opaque  white 
coating  on  both  sides. 

VMlb 

2g/2.5ml 

14 

MeOH/NH4HS04/ 
CASS  (-1.3V) 

51/34/15/0 

19  +  3 
19  +  4 

Clumpy  and  golden 
brown. 

VM2 

2g/2.5ml 

6 

MeOH/TEAB/ 
CASS  (-1.2V) 

51/39/8/0.5 

18  +  2 

19  +  3 

Light  coating  on  both 
sides 

VM2b 

2g/2.5inl 

14 

X  jf ,-k/~\lJ  mi?  AD/ 

MeUH/ 1  bAB  / 
CASS  (-1.2V) 

53/32/15/0 

18  +  2 
33+7 

Light  white  film  with 
dark  edges  on  both 
sides. 

VM2c 

2g/2.5iiil 

16 

MeOH/TEAB/  Plain 
(-1.3V) 

48/41/4/1.4 

15  +  2 
19  +  3 

Thin,    opaque  white 
coating  on  both  sides. 

VM3 

2g/0.5inl 

24 

MeOH/NRiHSOV 
Plain  (-1.2V) 

50/42/4/0.4 

22  +  3 
22  +  2 

Good  imifonn  coating 
on  both  sides. 

VM3b 

2g/0.5ml 

24 

CASS  (-1.2V) 

46/43/3/1.3 

27  +  5 

on  both  sides. 

VM4 

2g/0.5ml 

24 

MeOH/TEAB/ 
Plain  (-1.2V) 

32/47/6/1.5 

28  +  4 
22  +  5 

No  visible  film. 

VM4b 

2g/0.5ml 

24 

MeOH/TEAB/ 
CASS  (-1.2V) 

59/32/2/1 

23+4 
23+3 

No  visible  film. 

*Two  measurements  represent  two  sides  of  sample. 
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Figure  4.44.  SEM  micrographs  of  sample  VMl,  VMS-co-MPC  on  CASS  electrode  at 
magnification  of  500x  (2g  /  2.5  ml  MPCAVMS,  MeOH/NH4HS04,  -1.3  V,  6h). 


Figure  4.45.  SEM  micrographs  of  sample  VM2,  VMS-co-MPC  on  CASS  electrode  at 
magnification  of  500  (2g  /  2.5  ml  MPCA'MS,  MeOH/TEAB,  -1.2  V,  6h). 


109 


Figure  4.46.  SEM  micrographs  of  sample  VM2b,  VMS-co-MPC  on  CASS  electrode  at 
magnification  of  500x  (2g  /  2.5  mJ  MPCAVMS,  MeOH/TEAB,  -1.2  V,  14h). 


Figure  4.47.  SEM  micrographs  of  sample  VM2c,  VMS-co-MPC  on  a  plain  electrode  at 
magnification  of  500x  (2g  /  2.5  ml  MPCA^MS,  MeOH/TEAB,  -1.3  V,  16h). 
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Figure  4.49.  SEM  micrographs  of  sample  VM3b,  VMS-co-MPC  on  CASS  electrode  at 
magnification  of  500x  (2g  /  0.5  ml  MPCA^MS,  MeOH/NH4HS04,  -1.2  V,  24h). 
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Figure  4.50.  SEM  micrographs  of  sample  VM4,  VMS-co-MPC  on  SS  electrode  at 
magnification  of  500x  (2g  /  0.5  ml  MPC/VMS,  MeOH/TEAB,  -1.2  V,  24h). 


Figure  4.51.  SEM  micrographs  of  sample  VM4b,  VMS-co-MPC  on  CASS  electrode  at 
magnification  of  500x  (2g  /  0.5  ml  MPCA^MS,  MeOH/TEAB,  -1.2  V,  24h). 
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MAOP  -  MPC  Copolymer 

Contact  angle  and  XPS  results.  Results  for  these  experiments  showed  small 
concentrations  of  polyMPC  in  the  copolymer  (0-2  atomic  %  P  by  XPS),  have  a  large 
influence  on  contact  angle  (16  °  to  35  °  for  copolymer  versus  20  °  to  1 12  °  for  MAOP). 
The  overall  average  contact  angle  for  these  samples  (23  +  5)  is  not  significantly  greater 
than  that  for  the  polyMPC  films  (18  +  5).  These  films  were  all  clear,  translucent  and  not 
visible  to  the  naked  eye. 

SEM  results.  Comparison  of  the  SEMs  for  MMl  (6  h)  and  MMlb  (24  h)  (Figures 
4.52  &  4.53)  shows  that  an  increase  in  time  for  this  system  increases  the  uniformity  of  the 
film.  The  MMl  coating  is  thick  with  what  seems  to  be  chunks  of  polymer  coming  off  the 
surface.  The  MMlb  sample  also  has  a  thick  coating,  but  does  not  exhibit  the  same  loss  of 
polymer  from  the  surface.  The  same  trend  is  seen  for  MM2  (6  h)  and  MM2b  (24  h) 
(Figures  4.54  &  4.55).  This  difference  in  coating  thickness  is  especially  apparent  in  the 
5000x  micrographs.  MM2c  (Figure  4.56)  shows  signs  of  corrosive  pitting.  Once  again  in 
a  TEAB  system  with  MPC  (refer  to  sample  Ml).  The  fact  that  MM2a  and  MM2b  both 
used  a  CASS  electrode  could  indicate  a  protective  mechanism  associated  with  the 
coupling  agent. 

MM3  (24  h)  and  MM3b  (6  h)  do  not  exhibit  any  notable  increase  in  film  thickness 
with  increase  in  reaction  time  (Figures  4.57  &  4.58).  The  SEMs  of  MM4  and  MM4b 
(Figures  4.59  &  4.60)  are  very  interesting  and  seem  to  indicate  two  phase  deposition. 
This  pattern  is  similar  to  some  of  the  micrographs  seen  in  the  Electrolyte/Solvent  Control 
section.  The  XPS  data  for  these  samples  does  show  an  increase  in  the  chromium  content 
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of  the  surface  (6  and  5  atomic  %,  respectively).  This  may  indicate  a  competitive  surface 
oxidation  reaction  occurring  in  these  samples. 


Table  4.14.  Copolymerization  coating  experiments  with  M 

PC  and  MAOP. 

Expl 

MAOP/MPC 

Time 
(h) 

Solvent/ 
Electrolyte/ 
Electrode  type 
(Potential) 

XPS: 
Atomic  % 
C/0 
Si/P 

Contact 
Angle  0* 

MMl 

2g/2.5ml 

6 

MeOH/NH4HS04/ 
CASS  (-1.3V) 

62/28 
7/1 

23  ±4 
21+3 

MMlb 

2g/2.5ml 

24 

MeOH/NH4HS04/ 
CASS  (-1.3V) 

44/43 
4/1 

24  ±2 
22  ±3 

MM2 

2g/2.5ml 

6 

MeOH/TEAB/ 
CASS  (-1.2V) 

44/46 
5/1 

25  ±5 
24  ±2 

MM2b 

2g/2.5ml 

24 

MeOH/TEAB/ 
CASS  (-1.2V) 

50/34 
11/1 

32  ±3 
35  +  6 

MM2c 

2g/2.5ml 

24 

MeOH/TEAB/ 
Plain  (-1.2V) 

44/44 
5/2 

20  ±5 
20  ±3 

MM3 

2g/0.5ml 

24 

MeOH/NH4HS04/ 
CASS  (- 1.2V) 

57/32 
4/1 

23  ±2 
21  +  1 

MM3b 

2g/0.5ml 

6 

MeOH/NH4HS04/ 
CASS(-1.3V) 

56/35 
4/0 

22  ±  1 
20  ±2 

MM4 

2g/0.5ml 

6 

MeOH/TEAB/ 
CASS  (- 1.2V) 

46/41 
7/0 

23  ±5 
29  ±  10 

MM4b 

2g/0.5ml 

24 

MeOH/TEAB/ 
CASS  (-1.2V) 

46/37 
9/2 

16±  1 
22  +  3 

*Two  measurements  indicate  two  sides  of  sample. 
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Figure  4.52.  SEM  micrographs  of  sample  MMl,  MAOP-co-MPC  on  CASS  electrode  at 
magnifications  of  500x  and  5000x  (2g  /  2.5  ml  MAOP/VMS,  MeOH/NH4HS04,  -1.3  V, 
6h). 


Figure  4.53.  SEM  micrographs  of  sample  MMlb,  MAOP-co-MPC  on  CASS  electrode  at 
magnifications  of  500x  and  5000x  (2g  /  2.5  ml  MAOPA^MS,  MeOH/NH4HS04,  -1.3  V, 
24h). 


Figure  4.54.  SEM  micrographs  of  sample  MM2a,  MAOP-co-MPC  on  CASS  electrode  at 
magnifications  of  500x  and  5000x  (2g  /  2.5  ml  MAOPA^MS,  MeOH/TEAB,  -1.2  V,  6h). 


Figure  4.55.  SEM  micrographs  of  sample  MM2b,  MAOP-co-MPC  on  CASS  electrode  at 
magnifications  of  500x  and  5000x  (2g  /  2.5  ml  MAOPA^MS,  MeOH/TEAB,  -1.2  V, 
24h). 
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Figure  4.56.  SEM  micrographs  of  sample  MM2c,  N4AOP-co-MPC  on  plain  electrode  at 
magnification  of  500x  (2g  /  2.5  ml  MAOPA^MS,  MeOH/TEAB,  -1.2  V,  24h). 


Figure  4.57.  SEM  micrographs  of  sample  MM3,  MAOP-co-MPC  on  CASS  electrode  at 
magnification  of  500x  (2g  /  0.5  ml  MAOPA^MS,  MeOH/NH4HS04,  -1.2  V,  24h). 
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Figure  4.58.  SEM  micrographs  of  sample  MM3b,  MAOP-co-MPC  on  CASS  electrode  at 
magnification  of  500x  (2g  /  0.5  ml  MAOPA^MS,  MeOH/NH4HS04,  -1.3  V,  6h). 


Figure  4.59.  SEM  micrographs  of  sample  MM4,  MAOP-co-MPC  on  CASS  electrode  at 
magnification  of  500x  (2g  /  0.5  ml  MAOPAAMS.  MeOH/TEAB,  -1.2  V,  6h). 


Figure  4.60.  SEM  micrographs  of  sample  MM4b,  MAOP-co-MPC  on  CASS  electrode  at 
magnifications  of  lOOx  and  500x  (2g  /  0.5  ml  MAOPA^MS,  MeOH/TEAB,  -1.2  V,  24h). 
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Electropolymerization  Control  Experiments 
Monomer  adsorption  study  experiments 

Contact  angle  and  XPS  results.  Table  4.15  shows  the  results  for  the  monomer 
adsorption  control  study.  Significant  adsorption  was  seen  in  all  systems,  indicating  that 
monomer/oligomer  adsorption  may  be  an  important  phenomenon  in  the 
electropolymerization  mechanism. 

The  large  amount  of  adsorption  seen  in  the  MPC  samples  (0.6  to  4  atomic  %  P) 
indicates  that  a  pre-polymerization  MPC  solution  soak  may  increase  the  MPC  surface 
concentration  in  the  homopolymer  and  copolymer  coatings.  The  presence  of  silicon  in  the 
XPS  spectra  of  the  MPC  monomer  series  of  samples  is  probably  due  to  background 
silicone  contamination  seen  in  the  XPS  system.  This  contamination  my  come  directly 
from  the  XPS  chamber  or  from  the  vacuum  oven  where  these  samples  were  dried  prior  to 
analysis. 

SEM  results.  Figures  4.61  to  4.67  show  the  SEM  micrographs  of  the  adsorption 
study  controls.  The  most  apparent  evidence  of  coating  is  seen  in  Figure  4.64  for  AM5 
(MPC).  This  sample  shows  a  roughened  texture  similar  to  that  seen  in  CV9  (Figure  4.28) 
and  could  indicate  the  MPC  adsorbing  onto  the  metal  surface  as  droplets.  The  rest  of 
these  micrographs  show  relatively  smooth  surfaces. 
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Table  4. 15.  Adsorption  study  experiments. 


Expt 

Monomer/ 

Solvent/Electrolyte 

Tittle 
(h) 

C/O/Si/P 

h^9r  M. 

Ansle  n 

AP2b 

MAOP  /  2  5  ml 

DMSO  /  NlLHSOd 

Plain 

6 

NA 

41+2 

AP3b 

MAOP  /  2.5  ml 

DMSO/TEAB 

CASS* 

6 

48/38/13/0 

98  +  8 

AP8b 

MAOP  /  2.5  ml 

DMSO/NH4HSO4 

CASS* 

24 

48/31/27/0 

39  +  3 

AM2 

MPC/  Ig 

MeOH  /  NH4HSO4 

Plain 

6 

57/37/1/2 
58/34/2/4*** 

20  +  7 

AM5 

MPC/2g 

MeOH  /  TEAB 

Plain 

24 

47/44/6/0.6 

24  +  2 

AM8 

MPC/2g 

MeOH/NH4HS04 

Plain 

24 

63/27/3/3 

24  +  4 

ACV7 

VMS  /  20  % 

DMSO/TEAB 

CASS* 

24 

51/40/7/0.9 

21+3 

ACV8 

VMS  /  20  % 

MeOH/NH4HS04 

CASS* 

24 

52/37/8/0 

35  +  12 

SS** 

none 

None 

Plain 

45/47/1.6/0 

71+8 

CASS 

none 

None 

CASS* 

53/25/15/0 

70  +  7 

*CASS  =  coupling  agent  coated  stainless  steel.  **XPS  results  for  stainless  steel  controls,  average  of  nine 
samples.  ***  Second  analysis  for  the  same  sample. 


Figure  4.61 .  SEM  micrographs  of  sample  AP3b.  Adsorption  control  of  MAOP  on  CASS 
electrode  at  magnification  of  500x  (2.5  ml  MAOP  /  50  ml,  DMSO/TEAB,  6  h). 
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Figure  4.62.  SEM  micrographs  of  sample  AP8b.  Adsorption  control  of  MAOP  on  a 
CASS  electrode  at  magnification  of  500x  (2.5  ml  MAOP  /  50  ml,  DMSO/NH4HSO4, 
24  h). 


Figure  4.63.  SEM  micrographs  of  sample  AM2.  Adsorption  control  of  MFC  on  a  plain 
electrode  at  magnification  of  500x  (1  g  MFC  /  50  ml,  MeOH/NH4HS04,  6  h). 
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Figure  4.64.  SEM  micrographs  of  sample  AM5.  Adsorption  control  of  MPC  on  a  plain 
electrode  at  magnification  of  500x  (2  g  MPC  /  50  ml,  MeOH/TEAB,  24  h). 


Figure  4.65.  SEM  micrographs  of  sample  AM8.  Adsorption  control  of  MPC  on  a  plain 
electrode  at  magnification  of  500x  (2  g  MPC  /  50  ml,  MeOH/NH4HS04,  24  h). 
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Figure  4.66.  SEM  micrographs  of  sample  ACV7.  Adsorption  control  of  VMS  on  a  CASS 
electrode  at  magnifications  of  500x  (20  vol  %  VMS,  DMSO/TEAB,  24  h). 


Figure  4.67.  SEM  micrographs  of  sample  ACV8.  Adsorption  control  of  VMS  on  a  CASS 
electrode  at  magnification  of  500x  (20  vol  %  VMS,  MeOH/NH4HS04,  24  h). 
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Electrolyte/solvent  control  experiments  with  no  monomer  present 

Contact  angle  and  XPS  results.  Tables  4. 1 7  and  4. 1 8  list  the  results  for  the 
electrolyte/solvent  controls.  The  most  striking  result  is  the  large  reduction  in  contact 
angle  seen  in  these  samples  (14  °  to  50  °  reduction). 

XPS  results  show  a  slight  lowering  of  the  atomic  %  O  for  the  plain  electrodes 
(average  34  +  6  %)  compared  to  stainless  steel  at  48  atomic  %  O.  A  slight  increase  is 
seen  for  the  CASS  (coupling  agent  modified)  electrodes  (average  34  +  5  %)  compared  to 
the  CASS  control  (26  %). 

The  only  major  trend  is  the  increase  in  the  atomic  %  Cr  (3  to  5  %)  and  N  (1  to  2 
%)  seen  in  the  samples  ran  in  MeOH  solvent  (E6  through  ElO)  compared  to  the  controls. 
Both  the  stainless  steel  and  the  CASS  controls  showed  0  atomic  %  N,  1  and  0  atomic  % 
Cr,  respectively.  This  could  suggest  am  ammonium  chromate  coordination  complex 
forming  on  the  surface.  The  silicone  contamination  seems  to  be  much  greater  in  the 
samples  ran  in  DMSO.  This  may  suggest  that  the  DMSO  solvent  had  become 
contaminated  with  silicone. 

SEM  results.  The  SEM  micrographs  for  these  samples  (Figures  4.68  to  4.76) 
show  a  significant  change  in  surface  morphology.  For  comparison,  SEM  micrographs  of 
stainless  steel  and  CASS  controls  are  shown  as  Figures  4.77  and  4.78,  respectively.  This 
is  most  apparent  for  samples  El,  E2,  E5,  E7,  and  ElO. 

Figures  4.68,  4.73,  and  4.76  show  samples  El,  E7  and  ElO.  There  is  an  obvious 
deposit  on  these  metal  surfaces  that  could  represent  oxidation  or  salt  deposition.  All  three 
of  these  samples  were  run  in  NH4HSO4  solutions.  Chromium  -  amine  complexes  are 
known  to  form  readily  and  this  could  be  deposition  of  the  NH4HSO4  onto  the  metal 
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surface.^'*  E2  also  shows  some  signs  of  a  deposit  or  oxidation  (Figure  4.69),  though  this 
was  a  TEAB  system. 

Sample  E5  showed  evidence  of  either  a  coating  or  a  change  in  surface 
morphology  as  seen  in  Figure  4.71. 

It  is  important  to  remember  that  the  absence  of  monomer  completely 
changes  the  chemical  potential  of  the  solution  and  thus  the  electrochemistry.  The 
initiating  species  could  be  entirely  different  in  these  systems  than  in  the  monomer 
containing  systems.  Therefore,  evidence  of  surface  oxidation  in  this  study  does  not 
directly  correlate  to  surface  oxidation  in  the  electropolymerization  experiments.  In  fact, 
the  only  sample  to  show  a  SEM  that  indicated  possible  surface  oxidation  was  MM4  and 
MM4b  (Figures  4.59  and  4.60).  These  samples  were  run  in  MeOH/TEAB.  The 
MeOH/TEAB  electrolyte/solvent  control  for  this  system  was  E6,  which  did  not  show 
evidence  of  oxidation  or  salt  deposition.  This  point  is  also  supported  by  the  lack  of 
corrosive  pits  in  these  control  samples,  whereas  several  of  the  electropolymerization 
samples  showed  evidence  of  corrosion. 
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Table  417.  Electrolyte/solvent  control  experiments. 


Expt 

Solvent/Electrolyte 

Time 
(h) 

Potential 
(V) 

Type  of 
Electrode 

Contact 
Angle  0 

El 

DMSO/TEAB 

6 

-0.8 

CASS 

33+3 

E2 

DMSO/TEAB 

6 

-1.3 

Plain 

35  ±3 
56+11 

E3 

DMSO/TEAB 

24 

-0.65 

CASS 

AH  J 

35  ±5 

E4 

DMSO/NH4HSO4 

6 

-1.6 

Plain 

24  +  5 
35  ±5 

E5 

DMSO/NH4HSO4 

24 

-0.8 

Plain 

37±  5 
42  ±3 

E6 

MeOH/TEAB 

24 

-1.3 

Plain 

34  +  8 

P7 

-1  7 

22  ±5 
20  +  3 

MpOH  /  1'>JH..H<;0> 
ivicvyn  /  iNn4riow4 

V.J 

Plain 
X  lain 

30  ±6 
29  ±5 

E9 

MeOH  /  NH4HSO4 

24 

-1.1 

Plain 

22  +  2 
27  ±4 

ElO 

MeOH  /  NH4HSO4 

24 

-1.2 

CASS 

22  +  4 
24  +  3 

SS  Control 

Plain 

71  ±8 

CASS  Control 

CASS 

70  +  7 

Table  4.18.  XPS  results  for  the  electrolyte/solvent  control  experiments. 
XPS  Atomic  Percent: 


Cls 

01s 

Si2p 

Nls 

Br2p 

Cr2p3 

Fe2p3 

El* 

60 

30 

10 

0 

0 

1 

0 

E2 

54 

33 

13 

0 

0 

0 

0 

E3* 

44 

41 

13 

0 

0 

1 

1 

E4 

64 

27 

8 

1 

0 

1 

1 

E5 

53 

28 

18 

0 

0 

1 

0 

E6 

46 

3943 

3 

2 

0.6 

4 

1 

E7* 

55 

34 

5 

2 

1 

3 

0 

E8 

54 

36 

5 

2 

1 

3 

0 

E9 

51 

41 

1 

2 

1 

5 

0 

ElO* 

62 

30 

2 

1 

1 

3 

0 

SS  Control 

48 

48 

2 

0 

0 

1 

0 

CASS  Control 

59 

26 

15 

0 

0 

0 

0 

*CASS  electrode 
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Figure  4.68.  SEM  micrographs  of  sample  El,  DMSO/TEAB  at  -0.8  V  for  6h  on  a  CASS 
electrode.  Magnifications  of  lOOx,  500x  and  5000x. 
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Figure  4.69.  SEM  micrographs  of  sample  E2,  DMSO/TEAB  at  -1.3  V  for  6h  on  a  plain 
electrode.  Magnifications  of  500x  and  5000x. 


Figure  4.70.  SEM  micrographs  of  sample  E3,  DMSO/TEAB  at  -0.65  V  for  24h  on  a 
CASS  electrode.  Magnifications  of  500x  and  5000x. 


131 


Figure  4.71.  SEM  micrographs  of  sample  E5,  DMSO/NH4HSO4  at  -0.8V  for  24hon  a 
plain  electrode.  Magnifications  of  500x  and  5000x. 
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Figure  4.72.  SEM  micrographs  of  sample  E6,  MeOH/TEAB  at 
electrode.  Magnifications  of  500x  and  5000x. 


-1 .3  V  for  24h  on  a  plain 
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Figure  4.73.  SEM  micrographs  of  sample  E7,  MeOH/NH4HS04  at  -1 .2  V  for  6h  on  a 
CASS  electrode.  Magnifications  of  lOOx,  500x  and  5000x. 
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Figure  4.75.  SEM  micrographs  of  sample  E9,  MeOH/NH4HS04  at 
plain  electrode.  Magnifications  of  500x. 


-1.1  Vfor24hona 


Figure  4.76.  SEM  micrographs  of  sample  ElO,  MeOH/NH4HS04  at  -1.2  V  for  24h  on 
CASS  electrode.  Magnifications  of  500x  and  5000x. 
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Figure  4.78.  SEM  micrograph  of  SS  control.  Magnifications  of  500x  and  5000x. 
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Discussion  of  Electropolymerization  Results 

This  study  was  initiated  to  determine  the  feasibility  of  using 
electropolymerization  to  coat  stainless  steel  with  silicone  polymers,  polyMPC  and  MPC 
copolymers. 

The  results  are  very  promising  with  all  systems  showing  good  coatings  with  one 
or  more  of  the  reaction  conditions  used.  Figure  4.79  shows  contact  angle  averages 
calculated  from  all  the  samples  obtained  from  each  oligomer/monomer  system.  The 
standard  deviations  presented  represent  the  sensitivity  of  the  system  to  changes  in 
experimental  factors  and  levels  (experimental  conditions)  rather  than  the  consistency  of 
samples  within  a  set  condition.  This  graph  shows  the  expected  trend  for  coating  a 
substrate  with  these  polymer  systems.  The  highest  contact  angle  was  produced  using  the 
non-modified  stainless  steel  control  (71  °). 

The  MAOP  silicone  polymer  exhibits  the  next  highest  contact  angles  (50  °)  with 
the  largest  sensitivity  to  conditions.  This  sensitivity  to  conditions  could  be  related  to  this 
oligomer's  limited  solubility  in  polar  solvents.  Phase  separation  was  seen  in  some  of  the 
high  oligomer  concentration  solutions. 

The  VMS  silicone  coating  showed  a  much  greater  reduction  in  contact  angles 
(27°,  ca.  40  °  reduction).  This  is  to  be  expected  considering  the  structure  of  this  oligomer. 
This  oligomer  was  chosen  for  its  high  degree  of  vinyl  functionality  for  grafting, 
polymerization  and  crosslinking,  and  for  its  large  number  of  hydrophilic  methoxy  groups. 
These  methoxy  groups  can  be  easily  hydrolyzed  in  protic  solvents,  thus  further  increasing 
the  hydrophilic  nature  of  the  resultant  polymer.  This  polymer  was  thought  to  not  only 
provide  a  very  highly  functionalized  and  hydrophilic  silicone  surface,  but  to  be  more 
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compatible  with  the  MPC  monomer  for  copolymerization  than  the  less  hydrophilic 
MAOP  oligomer.  This  polymer  coating  also  provides  functionality  that  could  be  used  to 
couple  drugs  or  proteins  to  the  stent  surface. 

The  electrochemically  produced  MPC  polymer  gave  the  lowest  average  contact 
angles  for  all  systems  (18°).  This  is  expected  due  to  the  highly  hydrophilic 
phosphorylcholine  head  group.  The  copolymers  of  MPC  and  VMS  and  MAOP  were  not 
significantly  different  in  average  contact  angles  (18  +  5  and  23  +  5,  respectively).  These 
results  show  that  a  small  concentration  of  MPC  in  the  copolymers  can  significantly 
decrease  the  contact  angle  of  copolymer  surface  coatings.  This  supports  by  similar 
findings  by  Ishihara.^  Such  MPC  coatings  show  promise  for  development  of  improved 
stents. 


stainless        MAOP  VMS  MPC        VMS/MPC  MAOP/MPC 

Steel 


Figure  4.79.  Graph  showing  the  overall  average  contact  angles  for  the  oligomer/monmer 
and  copolymer  electropolymerization  samples  compared  to  non-coated  stainless  steel. 
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XPS  control  results  indicate  a  background  silicon  contamination  of  2  -  6  %. 
Sources  of  this  contamination  are  likely  from  the  XPS  chamber  itself,  the  vacuum  oven  in 
which  the  samples  were  dried  and  the  plastic  syringes  used  to  measure  the  DMSO 
solvent. 

Another  interesting  result  of  these  experiments  is  the  spherical  "bubbly" 
morphology  seen  for  some  of  the  VMS  coatings  onto  both  plain  and  CASS  electrodes. 
This  surface  structure  occured  only  in  DMSO  solvent  and  can  be  best  seen  in  Figures 
4.16  (VMS  4),  4.19  (VMS  7b),  4.26  (CV7)  and  4.28  (CV9).  This  may  be  due  to  the 
growing  polymer  being  more  hydrophilic  than  the  solvent.  This  would  induce  a  more 
spherical  morphology  to  reduce  the  surface  area  of  interaction.  Another  possibility  is  that 
the  under  these  solvent/electrolyte  conditions,  the  polymer  is  emulsified  and 
polymerization  is  initiated  when  these  droplets  come  in  contact  with  the  electrode 
surface. 

The  solutions  for  these  polymerizations  were  not  analyzed  for  molecular  weight. 
Conditions  were  optimized  to  avoid  bulk  polymerization,  not  to  encourage  it.  The 
molecular  weight  of  bulk  polymerized  polymer  would  prove  that  polymer  is  being 
formed  in  these  systems  though  would  not  be  directly  related  to  the  molecular  weight  of 
the  surface  coatings  or  grafts.  However,  bulk  polymerization  did  occur  and  was  observed 
for  all  these  systems  for  at  least  one  condition,  indicating  that  these  monomers  were 
subject  to  electropolymerization. 

The  flakey,  rough  morphologies  seen  in  some  of  these  samples  could  be 
from  three  sources.  One  being  an  artifact  of  the  differential  swelling  effects  experienced 
by  these  coatings  when  changed  between  solvent  systems  during  extraction.  The  thicker 


141 

coating  may  result  in  stress  cracking  upon  swelling.  This  could  cause  spalling  of  these 
films.  The  second  source  could  be  from  the  stresses  induced  during  drying.  These 
polymers  are  formed  in  the  swollen  state  and  upon  drying  the  free  volume  of  the  system 
is  reduced,  which  imparts  stress  on  the  film. 

Thirdly,  after  the  initial  layer  of  polymer  is  formed  on  the  stainless  steel  cathode, 
the  amperage  of  the  system  decreases  rapidly.  This  can  be  seen  in  consecutive  sweeps  in 
the  cyclic  voltamogram.  Each  consecutive  sweep  decreases  in  amperage  (this  is 
considered  evidence  that  coating  is  occuring).  Most  of  the  coating  occurs  at  very  low 
amperages.  In  these  experiments  amperages  varied  depending  on  the  solvent  system  but  a 
ten-fold  reduction  in  amperage  between  start  and  finish  was  typical.  This  translates  to  a 
different  initiation  rate  between  initial  layers  and  subsequent  layers.  This  could  lead  to 
the  non-uniformity  seen  in  some  of  the  thicker  coatings. 

The  ionic  nature  of  the  solvent/electrolyte  of  these  systems  could  greatly  effect 
the  polymerization  as  well  as  competing  corrosive  and  passivation  reactions.  These 
conditions  may  also  be  changing  during  the  course  of  electropolymerization.  It  would  be 
desirable  in  fiiture  studies  to  monitor  the  pH  or  conductivity  of  the  solution  before,  during 
and  after  the  reaction. 

Grumski's  work^^  has  shown  that  MPC  polymerizes  to  exceptionally  high 
molecular  weights  under  the  influence  of  gamma  initiation.  These  results  point  to  a 
possible  mechanism  involving  the  alignment  of  the  MPC  monomer  in  solution  where  the 
methacrylic  head  groups  are  brought  into  close  proximity.  This  would  enhance  the 
kinetics  of  polymerization  by  reducing  the  diflfiision  influence  on  rate  and  lower  the 
probability  of  termination.  In  comparison,  electrochemistry  also  provides  a  continuous 
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form  of  initiation  at  least  for  the  first  few  layers  until  the  surface  resistivity  becomes  too 
high.  This  may  indicate  that  pre-adsorption  of  the  MPC  to  the  electrode  surface,  as  seen 
in  sample  AM5  (adsorption  control,  plain  electrode,  Ig  MPC  /  50  ml,  MeOH/NH4HS04. 
Figure  4.64),  would  be  beneficial,  especially  if  the  monomer  exhibits  alignment  on  the 
stainless  steel  surface. 

Another  study  that  would  further  the  understanding  of  the  electrochemical  coating 
of  these  substrates  would  be  to  conduct  metal  etching  and  metallurgical  analysis  of  the 
stainless  steel  (SS)  substrates.  This  would  establish  the  presence  and  size  of  chemical  and 
physical  non-uniformities  in  the  metal  surface  such  as  grain  boundaries.  SEM 
micrographs  should  be  taken  of  the  SS  substrates  to  establish  any  effect  that  the  coating 
procedure  may  have  had  on  the  surface. 


CHAPTER  5 
SUMMARY  AND  CONCLUSIONS 

Two  new  types  of  polymerization  methods  for  the  surface  modification  of  metals 
and  polymers  of  interest  for  medical  devices  such  as  cardiovascular  stents  and  grafts  were 
explored  in  this  work.  These  were  gamma  radiation  graft  surface  polymerization  and 
electropolymerization.  Gamma  radiation  graft  surface  polymerization  was  used  to  surface 
modify  a  pre-cured  silicone  for  dip-coated  applications  and  electropolymerization  to 
directly  modify  a  metal  surface.  For  the  gamma  radiation  graft  surface  polymerization 
experiments,  pre-cured  PDMS  discs  were  modified  with  several  hydrophilic  monomers 
and  copolymers  thereof  Two  silicone  oligomers  (MAOP  and  VMS)  and  a  novel 
phospholipid  monomer  system  (MPC)  were  used  in  the  electropolymerization 
experiments  to  produce  coatings  on  stainless  steel. 

This  work  furthers  the  science  of  surface  modification  by  grafting  a  hydrophilic 
PL  monomer  and  PL  copolymers  onto  the  surface  of  the  silicone  (gamma  radiation  graft 
surface  polymerization)  and  stainless  steel  (electropolymerization).  This  may  not  only 
improve  the  lubricity  and  blood  compatibility  of  the  cardiovascular  implant  surface,  but 
also  provide  fiinctional  groups  that  can  be  further  used  for  the  incorporation  of  locally 
targeted  drugs  and  beneficial  proteins.  The  use  of  gamma  surface  graft  and 
electrochemical  polymerization  provides  two  new  routes  to  PL  modified  silicone  and 
metal  surfaces,  furthering  the  technology  of  surface  modification. 
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For  the  gamma  radiation  graft  surface  modification,  HEMA,  MAA,  NVP  and 
MPC  monomers  were  grafted  onto  the  surface  of  silicone.  The  effects  of  solvent  system, 
dose  rate,  total  dose,  and  monomer  concentration  were  studied.  Conditions  were  found 
for  each  of  the  monomers  that  resulted  in  the  decrease  the  contact  angle  of  the  PDMS 
surface.  XPS  and  FTIR  analysis  of  these  samples  proved  to  be  inadequate  to  conclusively 
prove  modification.  Further  evaluation  of  these  surfaces  to  determine  improved 
biocompatibility  over  PDMS  is  suggested. 

The  goal  of  the  electropolymerization  experiments  was  to  produce  highly 
adherent  coatings  with  the  elastic  properties  of  silicone,  and  the  improved  blood 
compatibility  due  to  the  MPC  copolymer  structures;  also  to  provide  surface  functionality 
for  attachment  of  drugs  and  proteins. 

These  coatings  showed  an  interesting  relationship  between  contact  angle  and 
polymer  composition  and  surprisingly  indicated  that  incorporation  of  even  small 
concentrations  of  polyMPC  into  the  MAOP  silicone  resulted  in  a  remarkable  increase  in 
hydrophilicity.  These  findings  were  supported  by  SEM  and  XPS  analysis. 

Further  development  of  these  promising  surface  modification  techniques  and 
polymers  should  include  the  coating  of  stents  and  animal  A-V  shunt  and  implant  studies. 


CHAPTER  6 
SUGGESTED  FUTURE  RESEARCH 


Gamma  Radiation  Graft  Surface  Polymerization  Modification  of  PDMS 

The  following  is  suggested  for  continuation  of  the  gamma  radiation  graft  surface 
modification  of  silicone: 

1 .  Hydrolyzation  of  the  PDMS  surface  by  exposure  to  an  acid  or  base  to  improve 
adsorption  of  the  MPC  monomer  to  the  polymer  surface  prior  to  gamma  exposure. 
This  procedure  is  currently  being  explored  in  this  lab  for  grafting  of  HEMA  and 
NVP  on  to  PDMS. 

2.  Modifications  of  thin  film  PDMS  dip-coated  metal  substrates  to  increase  surface 
concentrations.  This  would  more  closely  mimic  the  modification  of 
cardiovascular  grafts. 

3.  Drug  coupling  on  HEMA  and  MAA  modified  substrates. 

4.  Determination  of  influence  of  pH  on  the  gamma  polymerization  of  these 
monomers  both  in  solution  and  in  surface  grafting. 

5.  Study  the  gamma  polymerization  of  the  MAOP  and  the  VMS  oligomers.  It  would 
be  especially  interesting  to  surface  graft  the  VMS  to  the  surface  of  the  Shin  Etsu 
PDMS  to  provide  ftinctionalization  for  ftjrther  coupling. 
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Electropolymerization 

The  preliminary  results  for  the  electropolymerization  of  silicones  and  MPC  onto 
stainless  steel  were  promising.  Further  work  may  be  of  importance  in  the  following  areas: 

1.  Optimization  of  conditions  for  coating  of  actual  stent  surfaces.  Changing  the 
surface  area  of  the  working  electrode  will  change  the  potentials  and  times  of 
reaction  for  these  systems.  The  cyclic  voltamogram  will  give  insight  into  where 
the  reduction  peak(s)  are  for  the  system,  but  once  again  the  conditions  will  have 
to  be  screened  to  find  optimized  conditions  for  coating.  This  study  should  include 
the  monitoring  of  solution  conductivity  (non-aqueous)  or  pH  (aqueous/ 
methanolic). 

2.  Electropolymerized  surfaces  should  be  made  for  the  best  candidate  systems.  At 
least  five  samples  should  be  produced  for  each  system.  These  samples  should  be 
quantified  by  contact  angle,  SEM,  XPS,  and  additionally  by  nanoscratch  to 
determine  adhesion. 

3.  Drug  loading  of  coated  stent  materials  should  be  evaluated  by  a  method  similar  to 

that  used  by  Widenhouse  to  evaluated  dexamethasone  in  PDMS.^ 

4.  Coated  stents  should  be  evaluated  by  ex-vivo  canine  shunt  and  implant  studies. 
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